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REMARKS 

Claims 22-43 were previously pending in this application. Claims 22, 32, 36 and 38 have 
been amended to delete IL-5 from the list of cytokines without prejudice to its subsequent 
presentation in a continuing application. As a result claims 22-43 are pending for examination 
with claims 22, 32, 36, and 38 being independent claims. No new matter has been added. 

Rejections Under 35 U.S.C. §112 
The Examiner has withdrawn the rejection of claims 22-31 under 35 U.S.C. §112 first 
paragraph in view of Applicants arguments filed April 8, 2003, Paper No. 1 1. The Examiner has 
maintained in part the rejection of claims 22-43 under U.S.C. §112, first paragraph, allegedly 
because the specification does not enable any person skilled in the art to which it pertains, or 
with which it is most nearly connected, to make and use the invention commensurate in scope 
with the claims. 

The Examiner accepted Applicants' argument that the specification provides guidance 
with respect to the administration of the compounds of the invention to different subjects and 
routes of administration. The Examiner also accepted Applicants' argument that methods for 
delivering cytokines and CpG oligonucleotides to subjects have been described in many 
publications and patents. In addition, the Examiner accepted Applicants' argument that "the 
statement that targeting nucleic acids, like CpG, fall into the broad area known as gene therapy 
methods, is not scientifically correct." 

However, the Examiner maintained the rejection under 35 U.S.C. §112 first paragraph in 
view of Broide et al. (Journal of Immunology, 1998 16L 7054-7062). The Examiner stated that 
Broide et al. disclose "that an immunostimulatory DNA containing a CpG motif significantly 
inhibited Th2 cytokines, IL-5 and IL-3 in mice." The Examiner alleged that the Broide et al. 
disclosure is inconsistent with the teachings of the present application. Applicants respectfully 
disagree. The teachings of Broide et al. relate to the administration of an immunostimulatory 
DNA alone . In contrast, the present claims recite administering an "immunostimulatory CpG 
oligonucleotide" and "an immunopotentiating cytokine selected from the group consisting of IL- 
3 and IL-12." Broide et al. fail to disclose any combination of immunostimulatory DNA and 
cytokine. As such, Applicants submit that Broide et al. is not relevant to the evaluation of the 
present claims under 35 U.S.C. §112. 
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Applicants submit that the specification explicitly teaches that a combination of 
immunostimulatory oligonucleotide and a cytokine such as IL-3 or IL-12 has a synergistic effect 
on an immune response such as a "synergistic antigen specific immune response" in claim 22, 
"synergistically activating a dendritic cell" in claims 32 and 36, or "synergistically increasing 
survival time" in claim 38. See, for example, page 8, lines 9-12, page 38, paragraph 3, and page 

8, paragraph 2. The specification further exemplifies a synergistic immune response in Example 

9. Applicants submit that the disclosure of Broide et al. would not cause one of skill in the art to 
doubt these teachings in the present specification. 

Furthermore, Applicants submit herewith a Declaration of Dr. Arthur Krieg, M.D., Senior 
Vice President for R&D and Chief Scientific Officer for Coley Pharmaceutical Group, and co- 
inventor on the instant application. In the Declaration, Dr. Arthur Krieg describes the results of 
several experiments that demonstrate the successful synergistic stimulation of an immune cell 
response in the presence of a CpG oligonucleotide in combination with either IL-3 or IL-12. The 
Declaration of Dr Arthur Krieg demonstrates that a combination of CpG ODN 2006 (SEQ ID 
NO:90, page 54 of the specification) and IL-3 synergistically produces an increase in IFNa 
(Exhibit 1). A synergistic increase in IFNy is also demonstrated using a combination of either 
CpG ODN 2006 and IL-12, or CpG ODN 2395 (the sequence of ODN 2395 falls within the 
scope of the generic CpG oligonucleotide defined in the specification) and IL-12, or CpG ODN 
1982 (SEQ ID NO:85, page 54 of the specification) and IL-12 (Exhibit 2). 

In the instant specification, Applicants have shown that the combination of GM-CSF and 
CpG phosphorothioated ODN 2006 shows synergy for increasing the expression of 
costimulatory molecues CD86 and CD 40 on dendritic cells (Figure 9). Applicants have now 
presented evidence in the Declaration of Dr. Arthur Krieg, that the combination of CpG DNA 
ODN 2006 with cytokine IL-12, or CpG DNA ODN 2395 with IL-12, or CpG DNA ODN 1982 
with IL-12, shows synergy for the increased expression of costimulatory molecules CD69 on 
human NK cells (Exhibit 3). Applicants submit that these experiments show that the teachings 
of the specification can be implemented without undue experimentation to obtain a synergistic 
response to a combination of an immunostimulatory CpG oligonucleotide and IL-3 or IL-12. 

Therefore, Applicants believe that the arguments and Declaration presented obviate the 
Examiner's rejection under 35 U.S.C. §112, first paragraph. Accordingly, Applicants 
respectfully request withdrawal of the rejection under 35 U.S.C. §112 first paragraph. 
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CONCLUSION 

In view of the foregoing amendments and remarks, claims 22-43 should now be in 
condition for allowance. A notice to this effect is respectfully requested. If the Examiner 
believes, after this amendment, that the application is not in condition for allowance, the 
Examiner is requested to call the Applicant's attorney at the telephone number listed below. 

If this response is not considered timely filed and if a request for an extension of time is 
otherwise absent, Applicant hereby requests any necessary extension of time. If there is a fee 
occasioned by this response, including an extension fee, that is not covered by an enclosed 
check, please charge any deficiency to Deposit Account No. 23/2825. 



Respectfully submitted, 

Arthur M. Krieg et aL, Applicant 
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Exhibit 1 



IFN-alpha secretion from human PBMC after incubation with ODN and IL-3 
Human PBMC from two different donors were incubated for 24h with ODN 2006 
and IL-3 at concentrations as indicated. Culture supernatant was harvested and 
IFN-alpha levels were measured by ELISA. Shown are the calculated mean 
values of both donors. 
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IFN-gamma secretion from human PBMC after incubation with ODN and IL-12 
Human PBMC from three different donors were incubated for 24h with ODN 
and IL-12 at concentrations as indicated. Culture supernatant was harvested 
and IFN-gamma levels were measured by ELISA. Shown are the calculated 
mean values of all three donors. 



ML-12 0ng/ml 
®IL-12 1,25ng/ml 
IL-12 5ng/ml 




t- cm in 10 m 

t- CO CD CM CM -T 

O O O t- ^ ° 

© o" o cT 



CM 



2006 



CM IO tO lO 



CO CO CM CM 



CM 



o o o 

o cT o ©" 



1 o 



2395 
ODN [mM] 



<o t- cm m io io 

<r- co to cm cm -r 

o o o *1 ©" 

o o" cT o" 

1982 



CM 



o 

5 



740822.1 



CD69 expression on human NK cells after incubation with ODN and IL-12 
Human PBMC from three different donors were incubated with ODN and IL-12 at 
concentrations as indicated for 24h. Cells were harvested and stained with 
fluorochrome conjugated antibodies. Shown is the calculated mean of the 
measured mean fluorescence intensity values for CD69 of all three donors. 
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Abstract 

The adjuvanticity of a synthetic oligodeoxynucleotide containing unmethylated CpG motifs (CpG ODN) was determined in cattle. 
Calves were immunized with a truncated secreted version of glycoprotein D (tgD) of bovine herpes virus- 1 (BHV-1) formulated with 
alum, CpG ODN, or a combination of both. BHV-1 tgD formulated with CpG ODN or with alum and CpG ODN induced a stronger 
and more balanced immune response than tgD in alum. This level of immunity was of sufficient magnitude to minimize weight loss and 
significantly reduce the duration of virus shedding after intranasal viral challenge. Local tissue reactions generated by CpG ODN were very 
mild and transient, whereas reactions induced by alum or a combination of CpG ODN and alum were moderate in severity and duration. 
These data demonstrate that CpG ODN causes minimal injection site reactions and yet acts as an effective adjuvant in cattle. 
© 2002 Elsevier Science Ltd. All rights reserved. 

Keywords: CpG-oligodeoxynucleotides; Adjuvant; Cattle 



1. Introduction "~ 

Bovine herpes virus- 1 (BHV-1) is an important pathogen 
in cattle, which causes a variety of clinical manifestations 
including rhinotracheitis, conjunctivitis, vulvovaginitis and 
abortions. Additionally, secondary opportunistic bacterial in- 
fections can lead to enhanced morbidity and mortality [1]. 
Previously, we have shown that the major glycoproteins of 
BHV-1, gB, gC and gD, induce protection in cattle when ad- 
ministered as a subunit vaccine formulated with an oil-based 
adjuvant [2]. However, as oil-based adjuvants also result 
in significant losses due to meat trimming, there is a need 
within the livestock industry to move towards adjuvants that 
induce minimal injection site reactions of short duration. 
Oil-based adjuvants also induce primarily Th2-type immune 
responses [3,4], which often are not protective and some- 
times may be detrimental [5,6]. 
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Recently, the potential of using bacterial DNA as an ad- 
juvant has been demonstrated in mice and primates [7,8]. 
In bacterial DNA, CpG dinucleotides are unmethylated 
and present at an expected frequency (1/16 bases) whereas 
they are under-represented (1/50 to 1/60 bases) and se- 
lectively methylated in vertebrate genomes [9]. Because 
of these differences, it has been suggested that vertebrates 
recognize bacterial DNA as foreign due to their evolution- 
ary adoption of a non-self pattern recognition mechanism 
[10], Immunostimulatory DNA sequences have been fur- 
ther studied in the form of synthetic oligodeoxynucleotides 
(ODN). In vitro, ODN containing CpG motifs can activate 
murine macrophages as demonstrated by their secretion of 
IL-12, TNF-ot, IFN-a and IFN-p [11,12]. CpG ODNs are 
also autogenic for B cells [13], can stimulate dendritic cells 
[14], and indirectly induce NK cells to secrete IFN-7 and 
enhance their lytic activity [15,16]. 

In mice, CpG ODN is a potent adjuvant when adminis- 
tered with an antigen. Furthermore, when combined with 
other adjuvants such as alum or Freund's incomplete adju- 
vant (FIA), CpG ODN contributes to a synergistic immunos- 
timulatory effect, which can enhance immune responses to a 
level comparable to that induced by Freund's complete ad- 
juvant (FCA) [8,17,18]. In contrast to oil-based adjuvants, 
CpG ODN promotes the generation of Thl -biased immune 
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responses [19,20] and elicits antigen-specific cellular and 
humoral immune responses that are far superior to those in- 
duced by alum [18], which is still the only adjuvant licensed 
for human use in many countries. In mice there is remarkably 
little injection site reaction or other toxicity associated with 
CpG ODN when employed as an adjuvant [8]. In addition, 
CpG DNA has strong immunomodulatory and immunostim- 
ulatory activity when applied as a therapy in murine models 
of allergy and cancer [21]. 

The potential of CpG ODN as an adjuvant has also 
been examined in large outbred animals. In Aotus mon- 
keys, the antigenicity of a candidate malaria peptide vac- 
cine was greatly enhanced by addition of CpG ODN to 
the formulation [22]. Orangutans are naturally infected 
with hepatitis B virus (HBV), but do not respond well to 
Energix-B® (SmithKline-Beecham, Rixensart, Belgium), a 
commercial HBV vaccine. The addition of CpG ODN to 
the Energix-B® formulation increased the level of seropro- 
tection conferred by the vaccine from 8 to 100% after two 
immunizations [7]. 

Previously, we identified a CpG motif that elicits in vitro 
proliferative responses of bovine lymphocytes [23]. Since 
in vitro proliferation induced by an ODN is indicative of in 
vivo adjuvant potential, the most stimulatory ODN, which 
contains three copies of this motif, was chosen to adjuvant 
a truncated, secreted form of glycoprotein D (tgD) [24] in 
a BHV-1 challenge trial. Calves were immunized with tgD 
formulated with alum, CpG ODN or a combination of both. 
As reported for mice, CpG ODN alone or in combination 
with alum generated stronger and more balanced immune 
responses than alum, yet caused mild and transient tissue 
reaction. Furthermore, enhanced protection was observed, 
demonstrating that even in large animals, CpG DNA has 
potential as an adjuvant. 

2. Materials and methods 

2.7. Cells, viruses and glycoproteins 

Bovine viral diarrhea virus-free Madin Darby bovine 
kidney (MDBK) cells were cultured in minimal essential 
medium (MEM; Gibco-BRL, Grand Island, NY), supple- 
mented with 5% fetal bovine serum (FBS; Gibco-BRL). 
The 108 strain of BHV-1 was propagated in these cells. 
Virus recovered from nasal fluids was quantified by plaque 
titration on MDBK cells in microtiter plates with an an- 
tibody overlay as previously described [25]. A truncated 
secreted version of BHV-1 gD (tgD) was constructed by 
terminating the protein at amino acid 355, immediately 
upstream of the transmembrane anchor. Truncated gD was 
expressed in MDBK cells under regulation of the bovine 
heat shock 70A (hsp70) gene promoter [24] and purified as 
described previously [26]. Authentic gD used for in vitro 
stimulation of peripheral blood mononuclear cells (PBMC) 
was purified as described previously [2]. 
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2.2. Experimental animals 

Thirty 8-9-month-old healthy Hereford calves were pur- 
chased from a local ranch and housed in isolation at the 
research station of the Veterinary Infectious Disease Orga- 
nization. These calves had never been vaccinated against 
BHV-1 and they were sero-negative to BHV-1. Calves were 
ranked according to weight and then randomly allocated to 
one of six treatment groups of five animals each. The aver- 
age weight of the calves was 258 kg. 

2.3. Immunizations and challenge 

Six groups of calves were immunized twice intramuscu- 
larly in the neck with one of the following formulations: (1) 
Placebo (PBS); (2) BHV-1 tgD with 10 mg of ODN 2135 
and alum; (3) BHV-1 tgD with 2mg of ODN 2135 and 
alum; (4) BHV-1 tgD with 0.4 mg of ODN 2135 and alum; 
(5) BHV-1 tgD with 10 mg of ODN 2135; or (6) BHV-1 
tgD in alum. All animals were re-immunized 4 weeks later. 
ODN 2135 ( 5 / -TC GTCGTTTGTCGTTTTGTCGTT -3') 
has a phosphorothioate backbone and out of a panel of 
38 ODNs, this ODN had the strongest immunostimulatory 
ability for bovine lymphocytes in vitro [23]. The dose of 
BHV-1 tgD was 20 |xg per animal. In formulations contain- 
ing alum, antigen was absorbed onto 40 |ig of the adjuvant. 
All alum and ODN formulations were prepared in a vol- 
ume of 1ml, with phosphate-buffered saline (PBS: 0.1 M 
NaH2P0 4 /Na 2 HP04, 0.15 M NaCl, pH 7.8) as the diluent. 
Five weeks after the second immunization, the calves in 
groups 1, 2, 5 and 6 were each exposed for 4min to an 
aerosol of 10 7 pfu per ml of BHV-1 strain 108, which was 
generated by a Devilbis Nebulizer, model 65 (DeVilbis, 
Barrie, ON). 

2.4. Sampling 

Sera were collected biweekly after each immunization and 
again 1 and 4 weeks post challenge. Peripheral blood was 
collected in citrate-dextran 1 week after BHV-1 challenge. 
Nasal tampons were used to obtain up to 5 ml of nasal fluid 
from all animals 3 days before challenge, as well as on days 
2, 4, 6, 8, 10 and 13 post challenge. 

2.5. Enzyme linked immunosorbent assays (ELISAs) 

Polystyrene microtiter plates (Immulon 2, Dynatech Lab- 
oratories, Gaithersburg, MD) were coated with 0.5 [xg of 
BHV-1 per well and incubated with serially diluted bovine 
sera, starting at 1:10 in four-fold dilutions. Alkaline phos- 
phatase (AP)-conjugated goat anti-bovine IgG (Kirkegaard 
and Perry Laboratories, Gaithersburg, MD) at a dilution of 
1:10,000 was used to detect IgG. Antibody isotypes were 
determined in an indirect ELISA using tgD-coated plates, 
IgGl and IgG2-specific monoclonal antibodies (provided by 
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Dr. K. Nielson, Canadian Food Inspection Agency, Ottawa, 
ON) and affinity-purified, AP-conjugated rabbit anti-mouse 
IgG (Kirkegaard and Perry Laboratories) at a dilution of 
1:10,000. The reactions were visualized with /7-nitrophenyl 
phosphate (PNPP) (Sigma, Oakville, ON). 

2.6. Virus neutralization assays 

The neutralization titers in the sera were determined as 
previously described. The titers were expressed as the high- 
est dilution of antibody that caused a 50% reduction of 
plaques relative to the virus control [2], 

2. 7. Proliferation assays 

Bovine blood was collected into citrate-dextran and 
PBMCs were isolated on Ficoll-Paque PLUS (Pharmacia, 
Mississauga, ON). PBMCs were dispensed at 3.5 x 10 6 
cells/ml of culture medium consisting of MEM (Gibco- 
BRL), 10 % FBS (Sigma), 2 mM L-glutamine (Gibco-BRL), 
500mg/ml gentamycin, 5 x 10~ 5 M 2-mercaptoethanol and 
Img/ml dexamethasone. Subsequently, 100 u,l volumes 
were dispensed into the wells of microtiter plates. Purified 
gD [2] at 1 u-g/ml was added in a 100 ul volume to triplicate 
wells. Another three wells contained cells without antigen. 
After 3 days in culture at 37 °C in a humidified CO2 in- 
cubator, the cells were pulsed with [methyl- 3 H]-thymidine 
(Amersham, Oakville, ON) at a concentration of 0.4 |xCi/ 
well. The cells were harvested 18 h later and thymidine up- 
take was measured by scintillation counting. Proliferative 
responses were calculated as the means of triplicate wells 
and expressed as a stimulation index (SI) (counts/min in the 
presence of antigen divided by counts/min in the absence of 
antigen). The stimulation indices per group were calculated 
as the arithmetic average SI. 

2.8. IFNy capture assays 

Antigen-specific IFN7 secretion was detected using 
an immunosorbent assay. PBMCs were suspended in 
MEM (Gibco-BRL), 10 % FBS (Sigma), 2mM L-gluta- 
mine (Gibco-BRL), 500mg/ml gentamycin, 5 x 10~ 5 M 
2-mercaptoethanol and 1 mg/ml dexamethasone, and plated 
in triplicate at a density of 1 x 10 6 cells/well in the presence 
or absence of 0.4 u,g/ml gD in sterile polystyrene microtiter 
plates (Immulon 2, Dynatech Laboratories) coated with a 
monoclonal antibody against bovine IFN7 (clone 2.2.1) 
[27]. Following a 48 h incubation at 37 °C in a humidi- 
fied CO2 incubator, cells were removed from the plates 
by washing in cold double distilled water. Secreted, bound 
IFN7 was detected by incubation with rabbit anti-bovine 
IFN7 serum (lot 92-131) [27], followed by incubation 
with AP-conjugated goat anti-rabbit IgG (Kirkegaard and 
Perry Laboratories) and subsequent development with 
PNPP (Sigma). The amounts of antigen-specific IFN7 were 
calculated using doubling dilutions of IFN7, which were 



present on all plates with a range of 4ng/ml to 20pg/ml. 
The amount of spontaneously secreted IFN7 was subtracted 
from the amount of antigen-specific IFN7 to arrive at the 
amount of gD-specific cytokine secretion. 

2.9. Tissue samples 

ODN 2135 (1 mg), alum, alum H- ODN 2135 (1 mg), LPS 
(10 |xg) or saline was delivered intradermally by Biojector 
(Bioject Inc., Portland, OR) in a 100 fxl volume. All samples 
were delivered in three different animals for each time point 
in order to obtain triplicate values. At the different time 
points after delivery of the adjuvant, tissue biopsies, 8 mm 
in diameter, were taken from the injection sites. They were 
fixed in 10% formalin buffer for 12 h, embedded in paraffin, 
sectioned at 5 u-m thickness and stained with haematoxylin 
and eosin (HE). Inflammation was assessed according to 
a scoring system based on tissue reactions to the various 
adjuvants, with values ranging from 0 to 4. 

2. 1 0. Statistical analyses 

All data were analyzed with the aid of a statistical soft- 
ware program (Systat 7.0, SPSS Inc., Chicago, IL). ELISA 
and VN data were transformed prior to performing the anal- 
ysis by log transformation, because they were not normally 
distributed. Differences between the groups were examined 
by performing the one-way ANOVA and Dunnett's test for 
Si's and ELISPOT counts and the two-way ANOVA and 
Tukey HSD multiple comparison for ELISA titers, VN titers, 
weights and virus shedding. 



3. Results 

3.1. Humoral immune responses induced by tgD 

In order to assess the adjuvant activity of a CpG contain- 
ing ODN in cattle, three groups of calves were vaccinated 
with BHV-1 tgD formulated with a combination of alum 
and different doses of ODN 2135. Two additional groups 
received either tgD in alum or tgD with the highest dose 
of ODN 2135. After one immunization there was no sig- 
nificant increase in total IgG, but after the second immu- 
nization all vaccinated groups, except the group immunized 
with tgD in alum, had significantly higher titers than the 
placebo group (P < 0.05) (Fig. 1A). Although the titers 
decreased somewhat over time, the groups that received 
tgD and 10 mg ODN or tgD, alum andlOmg ODN still had 
higher titers (P < 0.05) than the placebo group 3 weeks 
later. In contrast, the titers of the other vaccinated groups 
were not different from those of the placebo group at that 
time. In order to assess the biological activity of the BHV-1 
specific antibodies, VN assays were carried out. All vacci- 
nated groups developed virus neutralizing antibodies, and 
the differences in VN titers between the groups were similar 
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(B) Days after 1° immunization 

Fig. 1. Serum antibody responses. Calves were immunized twice IM with (1) placebo; (2) tgD, alum and lOmg of ODN 2135 (CpGlO/alum); (3) tgD, 
alum and 2mg of ODN 2135 (CpG2/alum); (4) tgD, alum and 0.4mg of ODN 2135 (CpG0.4/alum); (5) tgD with lOmg of ODN 2135 (CpGlO); 
or (6) tgD in alum. Five weeks after the secondary immunization the calves in groups 1, 2, 5 and 6 were challenged intranasally with BHV-1. (A) 
BHV-1 -specific ELISA titers expressed as the reciprocal of the highest dilution resulting in an OD reading of greater than mean plus two standard 
deviations above the control value; (B) serum virus neutralization titers expressed as a 50 % endpoint using 100 PFU of BHV-1. Error bars show the 
standard deviation of the means. 



to those in total IgG titers (Fig. IB). Previous studies have 
shown that tgD formulated with an oil-based adjuvant tends 
to induce primarily IgGl and very little if any IgG2 [26]. 
Since according to published observations in the mouse 
model CpG ODN generally induce Thl-type responses, the 
isotype ratios were determined. As illustrated in Fig. 2A, the 
use of alum also leads to a strong excess of IgGl over IgG2, 
whereas increasing concentrations of CpG ODN tended to 
increase the IgG2:IgGl ratio in a dose-dependent manner. 

As the calves immunized with tgD and lOmg of ODN 
2135 or tgD, alum andlOmg ODN 2135 developed the 
strongest neutralizing antibody response, these groups of an- 
imals, as well as the placebo and alum groups, were chal- 
lenged with BHV-1. One week after challenge, all vacci- 
nated groups had significantly higher BHV-1 specific total 
IgG and VN titers than the placebo group (P < 0.001), and 
the groups vaccinated with tgD, alum andlOmg ODN had 
significantly higher titers than the group that received tgD 
in alum alone (P < 0.05) (Fig. 1A, B). After challenge, 
an IgGl:IgG2 ratio of approximately 1:1 was observed in 
the groups that were immunized with tgD and ODN 2135 
with or without alum, whereas in the groups that were not 



vaccinated or immunized with tgD and alum the IgGl:IgG2 
ratios were 2 and 3, respectively (Fig. 2B). 

3.2. Cellular immune responses induced by tgD 

In order to assess the presence of cellular immune re- 
sponses, PBMCs were isolated from peripheral blood af- 
ter challenge, and stimulated in vitro with BHV-1 gD. 
Antigen-specific responses were measured by cellular pro- 
liferation, As illustrated in Fig. 3A, the animals vaccinated 
with tgD and ODN 2 1 35 or a combination of alum and ODN 
2135 tended to have higher antigen-specific proliferative re- 
sponses than the calves in the placebo group, whereas there 
was no difference between the alum group and the placebo 
group. Although three animals in the group that received 
tgD with ODN 2135 also had a higher stimulation index, the 
difference between this group and the placebo group was not 
significant (Fig. 3B). To confirm that T cells were activated, 
the production of IFN7 was assessed. Similar to the lympho- 
cyte proliferative response, the group vaccinated with tgD, 
alum and ODN 2135 showed a significantly higher amount 
of IFN7 secretion by the PBMCs than the placebo group 
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Fig. 2. IgG subtype ratio's. Calves were immunized twice IM with (1) 
placebo; (2) tgD, alum and 10 mg of ODN 2135 (CpGlO/alum); (3) tgD, 
alum and 2mg of ODN 2135 (CpG2/alum); (4) tgD, alum and 0.4 mg of 
ODN 2135 (CpG0.4/alum); (5) tgD with lOmg of ODN 2135 (CpGlO); 
or (6) tgD in alum. Five weeks after the secondary irnmunization the 
calves in groups 1, 2, 5 and 6 were challenged intranasally with BHV-1. 
(A) IgGl:IgG2 ratio's prior to BHV-1 challenge; (B) IgGl:IgG2 ratio's 
after BHV-1 challenge. Bars represent the median value. 

(P < 0.05). The wide distribution of the values for stimula- 
tion index and amount of IFN7 secretion for these animals 
is due to their out-bred nature, which causes each animal 
to respond with a different kinetics of T cell proliferation. 



3 J. Clinical observations after challenge 

One of the more objective indicators for the well-being 
of an animal and the level of protection achieved is the 
amount of weight loss measured post challenge. With ex- 
ception of the first day when the animals appeared to gained 
some weight due to shrinkage on the challenge day and 
subsequent food and water intake, all animals lost weight 
(Fig. 4A). However, the animals in the groups vaccinated 
with tgD, alum and lOmg of ODN 2135 or tgD and lOmg 
of ODN 2135 regained their weight more quickly than the 
placebo or alum groups. As a further objective measure- 
ment of protection, the amount of virus recovered from the 
nasal secretions was measured over a 2-week period after 
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Fig. 3. Cellular immune responses. Calves were either left untreated 
as negative controls (placebo) or immunized twice IM with tgD, alum 
and 10 mg of ODN 2135 (CpGlO/alum); tgD with 10 mg of ODN 2135 
(CpGlO); or tgD in alum. Five weeks after the secondary immunization 
the calves were challenged intranasally with BHV-1. (A) Proliferative 
responses were measured 1 week after challenge following in vitro stim- 
ulation with 1 u.g/ml of gD. The results represent the average of triplicate 
wells and are shown for each animal, and as the mean stimulation in- 
dex (SI) for each group of animals; (B) the amount of IFN7 secretion 
was measured 1 week after challenge following in vitro stimulation of 
PBMCs with 1 jxg/ml of gD. The results represent the average of tripli- 
cate wells and are shown for each animal, and as the average amount of 
IFN-y secretion for each group of animals. 

challenge. Nasal virus shedding was observed from day 2 
onwards in all groups. The maximum level of virus shed- 
ding in the placebo group occurred on day 6 post challenge, 
and considerable shedding was still observed on day 10. In 
contrast, the nasal shedding in the vaccinated groups rapidly 
decreased from day 6 onwards and overall was significantly 
lower than in the control group (P < 0.01) (Fig. 4B). 

3,4. Local effects of CpG ODN and alum 

One of the concerns about some adjuvants, specifically 
those that are oil-based, is the occurrence of local tissue 
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Fig. 4. Clinical course after challenge with BHV-1. Calves were either left untreated as negative controls (placebo) or immunized twice IM with tgD, 
alum and 10 mg of ODN 2135 (CpGlO/alum); tgD with 10 mg of ODN 2135 (CpGlO), or tgD in alum. Five weeks after the secondary immunization the 
calves were challenged intranasally with BHV-1. (A) Cumulative weight change; (B) nasal shedding of BHV-1. Error bars show the standard deviation 
of the means. 



reactions. Unfortunately, there generally is a strong correla- 
tion between the efficacy of an adjuvant and the degree of 
tissue reaction. In order to assess local effects generated by 
the adjuvants used in the current trial, ODN 2135, alum or 
alum -f ODN 2135 were delivered into the skin. LPS and 
PBS were injected similarly as positive and negative con- 
trols. The scoring criteria are illustrated in Fig. 5A-E and 
5G. The physical force of the Biojector mediated delivery 
caused some focal tissue damage (Fig. 5F), characterized by 
focal necrosis with moderate PMN infiltration. This lesion 
was disregarded for the scoring. As predicted, saline had 
no effect at all, whereas LPS caused severe superficial and 
deep perivascular dermatitis with diffuse PMN infiltration 
in the superficial and deep dermis (Fig. 6). This effect was 
observed as early as 6h after injection, but it essentially 
disappeared by day 3. In contrast, CpG ODN caused tran- 
sient and mild focal or multifocal perivascular dermatitis 
with local PMN infiltration in the superficial and deep der- 
mis. Alum also caused mild dermatitis between 6 and 48 h 
after delivery, but between days 6 and 14, moderate to se- 
vere superficial and deep perivascular dermatitis and PMN 
infiltration in the superficial and deep dermis was observed. 
Similarly, from 6h onwards' the combination of alum and 
CpG ODN resulted in moderate to severe dermatitis. Im- 
portantly, by day 14 the inflammation caused by alum or 
alum and CpG ODN started to diminish. 



4. Discussion 

This is the first report demonstrating the potential of CpG 
DNA to enhance immune responses against an economically 
important pathogen in a veterinary species, as to date only 
rodent or primate models have been used to demonstrate 
the efficacy of this class of immunostimulant. These data 
demonstrate that ODN 2135 has an adjuvant effect when 
formulated at lOmg per dose with BHV-1 tgD and that the 
addition of ODN 2135 to a tgD-alum formulation enhances 
the antibody titers in a dose-dependent manner in cattle. 
Furthermore, immunization with tgD and a combination of 
alum and ODN 2135 resulted in higher IgG2 to IgGl subtype 
ratios and stronger cellular immunity than vaccination with 
tgD in alum alone. Finally, vaccination with tgD in any of the 
formulations tested resulted in significantly lower amounts 
of virus shedding post BHV-1 challenge. 

The efficacy of a vaccine relies in large part upon its for- 
mulation. In contrast to the strong synergistic effect between 
alum and CpG ODN reported for HBsAg in mice [8,18], the 
addition of alum to a CpG ODN-tgD formulation did not 
significantly enhance the antibody responses induced with 
CpG ODN alone although the titers tended to be higher in 
the CpG/alum group. In the mouse study, there was a strong 
synergy of alum with CpG ODN, which was thought to 
be due to a depot effect, increasing the time that both the 
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Fig. 5. Scoring index. Inflammation following adjuvant delivery was assessed according to a scoring system with values ranging from 0 to 4. (A) 
0: normal; (B) 1: mild (mild, focal or multifocal superficial perivascular dermatitis with PMN infiltration in the superficial dermis); (C) 2; moderate 
(moderate, multifocal to locally extensive superficial perivascular dermatitis with PMN infiltration in the superficial dermis); (D) 3: moderate to severe 
(moderate to severe superficial and deep perivascular dermatitis with locally extensive PMN infiltration in the superficial and deep dermis); (E) 4: severe; 
superficial section (severe superficial and deep perivascular dermatitis with diffuse PMN infiltration in the superficial and deep dermis); (F) tissue damage 
due to injection, which was disregarded for the scoring system. Microscopic lesions with focal necrosis and moderate PMN filtration; (G) 4: severe; deep 
section (severe superficial and deep perivascular dermatitis with diffuse PMN infiltration in the superficial and deep dermis). Photographs were taken 
with an Olympus AH2-RFL microscope using standard light Bar — 1 um 
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Fig. 6. Histopathological scores. Calves were injected with saline, ODN 2135 (CpG ODN), alum, alum + ODN 2135 (CpG ODN), or LPS. Punch 
biopsies were taken at different time points after delivery, sectioned and treated with HE staining. The level of tissue damage was assessed by giving 
histopathological scores between 0 and 4. All observations represent the average ± S.E.M. of three biopsies. 



antigen and the CpG ODN are available. However, we re- 
cently showed that alum may not be as good an adjuvant for 
tgD due to minimal binding of the protein to the adjuvant, 
so this may have had an impact upon the magnitude of re- 
sponses. Although there was no significant effect of the addi- 
tion of alum on the magnitude of the antibody response, the 
combination of alum and CpG ODN appeared to influence 
the IgG2:IgGl ratio's and the cellular immune responses, 
which were higher in the animals immunized with the com- 
bination of adjuvants. These animals also regained their 
weights more quickly, indicating a faster recovery. The en- 
hanced cellular immunity as well as the increased IgG2:IgGl 
ratio agrees with observations made for mice, where the 
addition of CpG ODN resulted in a shift towards a more 
Thl -type response. Although these and previous studies sug- 
gest that this may not be essential for protection from BHV- 1 
challenge [28], the induction of strong cellular immunity is 
critical for protection against several other diseases such as 
those caused by intracellular bacteria and some viruses like 
hepatitis B virus, human immunodeficiency virus and human 
and bovine respiratory syncytial virus [5,6]. A combination 
of alum and CpG ODN could be very effective for the induc- 
tion of protective immunity from these types of pathogens. 

The observation that the presence of alum in the 
tgD-CpG ODN formulation appeared to enhance the im- 
mune responses to a certain extent indicates the need for a 
co-adjuvant to generate a depot effect. This is specifically 
important in large animals such as cattle where antigen 
and CpG ODN may diffuse and traffic to different draining 
lymph nodes if not co-administered with a an adjuvant that 
traps both antigen and CpG ODN at the site of administra- 
tion. However, alum probably is not the optimal adjuvant 



for CpG ODN-tgD formulations, so in order to optimize 
the use of CpG ODN as an adjuvant in cattle, additional 
co-adjuvants need to be tested. Other CpG ODN adjuvant 
combinations that work synergistically have been reported 
including FIA in mice [8,18] and Montanide 720 in mon- 
keys [22], so it should be feasible to select an adjuvant that 
is effective with BHV-1 tgD, and combine this with ODN 
2135 to induce enhanced immune responses. 

In addition to evaluating the immune responses and pro- 
tection induced by adjuvanting with CpG ODN, the effect of 
this type of adjuvant on local tissues was assessed histolog- 
ically. In contrast to LPS, a known inducer of inflammation, 
CpG ODN caused a mild and transient reaction. Importantly, 
although the adjuvanticity of alum was enhanced by the ad- 
dition of CpG ODN, an increase in tissue damage was only 
observed during the first 2 days after delivery, when CpG 
ODN and alum each caused some dermatitis, which resulted 
in an additive effect when administered together. As the dam- 
age caused by CpG ODN was transient, from day 3 onwards 
there was no difference between the tissue reaction to CpG 
ODN alone and the reaction to CpG ODN and alum com- 
bined. In the mouse model, gross pathological examination 
of tissues injected with different adjuvants and combinations 
thereof were performed on day 7 after delivery. This exper- 
iment demonstrated that FCA and Titermax, both oil-based, 
caused extensive tissue damage, whereas FIA, MPL and 
CpG ODN caused moderate to mild damage and alum hardly 
caused any reaction [8]. Some combinations with CpG ODN, 
for example with FIA, caused more damage than the indi- 
vidual adjuvants. Most interestingly, whereas the degree of 
damage generally was proportional to the adjuvant activity 
when the individual adjuvants were used, the combination 
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of alum and CpG ODN induced strong HBsAg-specific im- 
mune responses with minimal damage, which agrees with 
our observations between days 6 and 14 in cattle. 

In conclusion, a previously identified CpG ODN with mi- 
togenic properties for bovine PBMCs in vitro was shown to 
have adjuvant capabilities in a BHV-1 vaccination and chal- 
lenge experiment. Continuing research aimed at optimizing 
doses, formulations and delivery of CpG ODN with a view 
to enhancing antigen-specific immune responses in cattle is 
in progress. Furthermore, a dose has been identified which 
will allow further examination of CpG immunostimulation 
or adjuvanticity in cattle and other large animals. 
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ABSTRACT 

Oligodinucleotides containing CpG motifs stimulate vertebrate immune cells in vitro, have proven efficacy in 
murine disease models and are currently being tested in human clinical trials as therapies for cancer, allergy, 
and infectious disease. As there are no known immunostimulatory motifs for veterinary species, the potential 
of CpG DNA as a veterinary pharmaceutical has not been investigated. Here, optimal CpG motifs for seven 
veterinary and three laboratory species are described. The preferential recognition of a GTCGTT motif was 
strongly conserved across two vertebrate phyla, although a GACGTT motif was optimal for inbred strains of 
mice and rabbits. In a subsequent adjuvanticity trial, the in vitro screening methodology was validated in 
sheep, representing the first demonstration of CpG DNA efficacy in a veterinary species. These results should 
provide candidate immunostimulant and therapeutic drugs for veterinary use and enable the testing of CpG 
DNA in large animal models of human disease. 



INTRODUCTION 

CYTOSI NE- PH OSPHATE- GUANOS INE (CpG) DINUCLEOTIDES are 
unmethylated and present at the expected frequency in 
bacterial DNA (1/16 bases), whereas they are underrepresented 
(1/50 to 1/60 bases) and selectively methylated in vertebrate 
genomes (Cardon et aL, 1994). It has been suggested that be- 
cause of these differences, a nonself pattern recognition mecha- 
nism has evolved in vertebrate immune systems enabling them 
to counter invading pathogens (Krieg et aL, 1998). 

The biologic activity of immunostimulatory DNA sequences 
can be further defined in the form of synthetic oligodeoxynu- 
cleotides (ODN). In vitro, an ODN containing a stimulatory 
motif can activate murine macrophages as demonstrated by 
their secretion of interleukin-12 (IL-12), tumor necrosis factor- 
ex (TNF-a), and interferon-a/j8 (IFN-a//3) (Chace et aL, 1997; 
Sun et aL, 1998). CpG ODN are also mitogenic for B cells 



(Krieg et aL, 1995), inhibit spontaneous B cell apoptosis (Yi et 
aL, 1998), stimulate dendritic cells (DC) (Sparwasser et aL, 
1998), and indirectly induce natural killer (NK) cells to secrete 
IFN-y and enhance their lytic activity (B alias et aL, 1996; Cow- 
dery et aL, 1996). In vivo, CpG DNA is a potent Thl adjuvant 
(Lipford et aL, 1997; Chu et aL, 1997; Moldovenu et aL, 1998; 
Davis et aL, 1998; Weeratna et aL, 2000), promoting antigen- 
specific cellular and humoral immune responses that are far su- 
perior to those induced by alum, which in many countries is the 
only adjuvant licensed for human use. 

The potential of CpG ODN as an adjuvant has also been ex- 
amined in large outbred animals. In Aotus monkeys, the anti- 
genicity of a candidate malaria peptide vaccine was greatly en- 
hanced by the addition of CpG ODN to the formulation (Jones 
et aL, 1999). Orangutans, which are naturally infected with he- 
patitis B virus (HBV), do not respond well to Energix-B® 
(SmithKline Beecham Biologicals, Rixensart, Belgium), a 
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commercial HBV vaccine. The addition of CpG ODN to the 
Energix-B formulation increased the level of seroprotection 
conferred by the vaccine in orangutans from 8% to 100% after 
two immunizations (Davis et al., 2000). 

Interestingly, CpG DNA also has strong immunomodulatory 
and immunostimulatory activity when applied as a therapy in 
murine models of allergy and cancer. In allergen-sensitized 
mice, CpG DNA could prevent allergen-induced airway in- 
flammation (Kline et al., 1998). Furthermore, in a model of 
murine allergic conjunctivitis, the systemic or mucosal admin- 
istration of CpG DNA could inhibit allergic responses (Magone 
et al., 2000). Other studies have demonstrated that CpG DNA 
administration may lead to tumor rejection and can enhance the 
efficacy of monoclonal antibody (mAb) therapy against lym- 
phoma, demonstrating the potential of CpG DNA as a valuable 
new drug with a broad array of potential uses (Wooldridge et 
al., 1997; Carpentier et aL, 1999). Based on these and other 
promising data, a number of human clinical trials are in 
progress using CpG ODN as adjuvant or therapy for cancer and 
allergic conditions (Klinman, 1998; Krieg, 2000). 

The optimal murine CpG motif (GACGTT) differs from that 
which best stimulates human and nonhuman primate immune 
cells (GTCGTT) and has little, if any, stimulatory activity on 
immune cells from humans, chimpanzees, Aotus monkeys, or 
cynomolgus monkeys (Jones et al., 1999; Davis et al., 2000; 
Hartmann et aL, 2000). Based on these observations, it has been 
proposed that there is a degree of species specificity in the 
recognition of CpG motifs. Therefore, to be able to ascertain 
the in vivo potential for this technology in a target species, it is 
first essential to select CpG ODN that can optimally stimulate 
immune cells from the species of interest. As it is impractical to 
screen ODN in vivo in large animals, a selection must be based 
on in vitro activity using an appropriate assay. 

In the current study, a proliferation assay, which has been 
shown to be a reliable predictive indicator of the in vivo adju- 
vant potential of an ODN (Hartmann et al., 2000), was used to 
screen a panel of ODN for in vitro biologic activity in 10 
species. Although in inbred laboratory animals a GACGTT mo- 
tif was optimal, the pattern of reactivity to CpG ODN was sim- 
ilar in all outbred species, with the major stimulatory motif be- 
ing GTCGTT. The CpG ODN with the strongest in vitro 
stimulatory effect was successfully tested in an adjuvanticity 
trial in sheep. This represents the first report on immunostimu- 
latory CpG motifs for a number of important livestock and 
companion animals. Our results suggest that CpG motif recog- 
nition is an ancient evolutionary adaptation that is highly con- 
served in a broad variety of species. 



MATERIALS AND METHODS 

ODN panel 

A panel of 30 ODN was used in this study (Table 1). ODN 
with phosphorothioate (S-ODN) and phosphodiester (O-ODN) 
backbones were present in the panel of ODN. Recognizing that 
sequence elements of an ODN can influence its activity in a 
proliferation assay, the panel was broad in terms of motifs and 
other sequence elements. ODN lacking in CpG motifs were also 
tested. The panel of ODN tested in vitro was provided by Coley 
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Table 1. Synthetic ODN Used for Screening 



ODN Backbone* Sequence 0 



1585 


SOS 


GGGGTCAACGTT GAGGGG 


2001 


o 


GGCGGCGGCGGCGGCGGCGG 


2037 


o 


TCCATGCCGTTCCTGCCGTT 


2038 


0 


TCCATGACGGTCCTGACGGT 


2039 


0 


TCCATGCCGGTCCTGCCGGT 


2040 


o 


TCCATGCGCGTCCTGCGCGT 


2079 


o 


TCGACGTTCCCCCCCCCCCC 


2080 


0 


TCGTCGTTCCCCCCCCCCCC 


2082 


0 


TCGCCGTTCCCCCCCCCCCC 


1760 


s 


ATAATCGACGTT CAAGCAAG 


1826 


s 


TCCATGACGTT CCT GACGTT 


1835 


s 


TCTCCCAGCGAGCGCC AT 


1841 


s 


TCCATAGCGTTCCTAGCGGTT 


1842 


s 


TCGTCGCTGTCTCCGCTTCT 


1911 


s 


TCCAGGACTTTCCTCAGGTT 


1965 


s 


TCCTGTCGTTTTTTGTCGTT 


1968 


s 


TCGTCGCTGTTGTCGTTTCTT 


2000 


s 


TCCATGACGTTCCTGCAGTTCCTGACGTT 


2002 


s 


TCCACGACGTT TTCGACGTT 


2006 


s 


TCGT CGTTTT GT CGTTTT GT CGTT 


2007 


s 


TCGTCGTTGTCGTT TTGTCGTT 


2014 


s 


TGTCGTT GT CGTT T CT TG TC GT T 


2041 


s 


CTGGTCTTTCTGGTTTTTTTCTGG 


2054 


s 


TCCCGCGCGTTCCGCGCGTT 


2055 


s 


TCCTGGCGGTCCTGGCGGTT 


2135 


s 


TCGTCGTTTGTCGTTTTGTCGTT 


2142 


s 


TCGCGTGCGTTTTGTCGTT^TQftCCTT 


2143 


s 


TTCGTCGTTTTGTCGTTT TGTCGTT 


2166 


s 


AT AATTCGTCGTT CAAGCAAG 


2186 


s 


TCGTCGCTGTCTCCGCTTCTTCTTGCC 



a ODN are listed in numerical order, which is based on the 
synthesis run. 

b Backbone details are abbreviated SOS (mixture of phos- 
phorothioate and phosphodiester bonds within the same ODN), 

0 (phosphodiester ODN), and S (phosphorothioate ODN). 
Nucleotide sequence of ODN. Potential stimulatory motifs 

are underlined. 

Pharmaceutical (Wellesley, MA), and ODN 2135 used in vivo 
was manufactured by Boston Biosystems (Bedford, MA). No 
endotoxin was detected in any of the ODN. 

Species 

In order to take into consideration the genetic diversity of the 
species included in this study, peripheral blood was obtained, 
where possible from more than one breed. Age and gender were 
also taken into consideration when compiling appropriate donor 
panels for each species. 

Peripheral blood from 1 1 domestic short hair and 2 domestic 
long hair cats was obtained from the Animal Resource Center at 
the University of Saskatchewan. Fourteen canine peripheral 
blood specimens provided by the Animal Resource Center in- 
cluded samples from 6 huskies, 4 beagles, 2 German shepherds, 

1 golden retriever, and 1 collie. 

Equine blood was kindly provided by the Western College of 
Veterinary Medicine at the University of Saskatchewan, and the 
panel of 8 samples was drawn from 3 standard bred horses, 2 
quarter horses, 2 thoroughbreds, and 1 draft horse. Seven 
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porcine blood samples were provided by the Prairie Swine Cen- 
ter (Saskatoon, Saskatchewan, Canada), and all were the prod- 
uct of a terminal cross between a C15 sow and a Cana Boar 
(synthetic line from Pig Improvement Canada). 

Blood from 6 male Suffolk sheep, 6 goats (2 females and 4 
males), and 6 broiler chickens was used for screening. Spleno- 
cytes from 6 C57BL/6 mice and 6 Sigmodon hispidus cotton 
rats were used, and popliteal lymph nodes were taken from 9 
New Zealand white rabbits. 

Lymphocyte proliferation assay 

Blood from all species was collected by venipuncture into 
Vacutainer tubes containing EDTA as an anticoagulant. 
Briefly, peripheral blood mononuclear cells (PBMC) from all 
species were isolated by centrifugation over Ficoll-Paque™ 
Plus (Amersham Pharmacia Biotech, Baie d'Urfe, Quebec, 
Canada) (Loehr et al., 2000). For chicken, feline, and canine 
samples, the centrifugation conditions were 2000 rpm for 30 
minutes at 20°C in a Beckman CS-6R benchtop centrifuge 
(Beckman, Mississauga, Ontario, Canada). Pig, sheep, goat, 
and horse peripheral blood required centrifugation at 2500 rpm 
for 45 minutes at 20°C in order to isolate PBMC most effec- 
tively. Splenocytes were harvested from mice and cotton rats 
using standard protocols (Braun et al., 1998), and rabbit 
popliteal lymph node cells were extracted in the same manner. 

Cells were subsequently washed three times with phosphate- 
buffered saline (PBS) (0.1 M NaH 2 P0 4 /Na 2 HP0 4 , 0.15 M NaCl, 
pH 7.4), followed by centrifugation, counted using a hemocy- 
tometer, and seeded at a concentration of 5 X 10 5 cells/ml in 
AIM-V medium (GIBCO-BRL, Burlington, Ontario, Canada) 
containing 2% (v/v) heat-inactivated fetal bovine serum (FBS) 
(GIBCO-BRL) and 50 /xM 2-mercaptoethanoi (BioRad, Mis- 
sissauga, Ontario, Canada). 

ODN were dispensed into 96- well round-bottom plates 
(Nalge-Nunc Int., Rochester, NY) in 10-/il volumes in tripli- 
cate. Cells were then added in a 200-pX volume to achieve a fi- 
nal ODN concentration of 4 /xg/ml in the presence of 1 X 10 5 
cells per well. The ODN and cell concentrations were chosen 
on the basis of our previous experience with bovine PBMC, 
which showed that this dose provided reliable levels of prolifer- 
ation while minimizing nonspecific proliferation. Controls con- 
sisted of 6 wells per plate with cells only. After 72 hours of in- 
cubation at 37 °C in a humidified 5% C0 2 incubator, the cells 
were pulsed with 20 jjA of a 20 fiCi/ml solution of methyl- 3 H- 
thymidine (Amersham Pharmacia Biotech) for 18 hours. The 
cells were then harvested onto glass fiber filtermats (Skatron, 
Liebyen, Norway), and radiolabel uptake was determined by 
liquid scintillography using a jS-counter (Beckman). Stimula- 
tion indices (SI) were calculated by the standard method of di- 
viding the cpm in test triplicates by those of the unstimulated 
control cells (Loehr et al., 2000). 

Immunization of sheep 

Five-month-old Suffolk sheep were immunized intrader- 
mally with a truncated secreted version of glycoprotein B (tgB) 
(Li et al., 1996), which is one of the protective antigens of 
bovine herpesvirus- 1 (BHV-1). The sheep weighed approxi- 
mately 40 kg, and they were randomly allocated to 5 different 
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groups of 5 animals each. Glycoprotein B was formulated at 20 
mg per dose in phosphate-buffered saline (PBS) alone or in 
combination with 0.8 mg, 4 mg, or 20 mg of ODN 2135. One 
control group was immunized with PBS and another group with 
tgB in VSA3, an oil-based adjuvant (van Drunen Littel-van den 
Hurk et al., 1994). The volume of each vaccine formulation was 
500 pi. Four weeks later, they received a second immunization. 
The sheep were bled at the time of immunization, as well as at 
different times after each immunization. The experiment was 
carried out according to the guidelines provided by the Cana- 
dian Council on Animal Care. 

Enzyme-linked immunosorbent assays (ELISA) 

Polystyrene microtiter plates (Immulon 2) (Dynatech Labo- 
ratories, Gaithersburg, MD) were coated with 0.05 /ig affinity- 
purified tgB (Li et al., 1996; Loehr et al., 2000) per well and 
incubated with serially diluted ovine sera. Alkaline phospha- 
tase-conjugated rabbit antisheep IgG (Kirkegaard and Perry 
Laboratories, Gaithersburg, MD) at a dilution of 1:10,000 was 
used as the detecting antibody. The reaction was visualized 
with p-nitrophenyl phosphate (Sigma Chemical Co., St Louis, 
MO). 

Neutralization test 

The neutralization titers in the bovine sera were determined 
as previously described and expressed as the reciprocal of the 
highest dilution of antibody that caused a 50% reduction of 
plaques relative to the virus control (van Drunen Littel-van den 
Hurket al., 1994). 

Statistical analyses 

Data were analyzed with the aid of a statistical software pro- 
gram (Graphpad™ Prism), ELISA and neutralization titers 
were expressed as the log 10 reciprocal of the end point. Differ- 
ences between the vaccine groups were examined by perform- 
ing a one-way ANOVA. 



RESULTS 

Identification of immunostimulatory CpG motif 

Depending on the species tested, between 6 and 16 ODN in- 
duced lymphocyte proliferation (Tables 1 and 2 and Figs. 1 and 
2), and for most species, there was a broad similarity in the pro- 
file of the stimulatory ODN. The predominant feature of these 
ODN was the presence of the GTCGTT motif (Table 1), so 
there appeared to be little evidence of divergence among the 
species in terms of actual motif recognition and no apparent dif- 
ferences in terms of the other requirements for ODN stimula- 
tion, such as the nature and degree of spacing between motifs or 
the requirements for particular 5' bases preceding the motifs. 
Also, there was no apparent variation in the stimulatory effect 
of ODN based on age, gender, or breed. Generally, the ODN 
with three GTCGTT motifs (2006, 2007, 2014, 2135, 2143) had 
a strong and constant stimulatory effect, whereas ODN with 
one or two GTCGTT motifs (1965, 1968, 2166) did not activate 
the immune cells as consistently. Interestingly, ODN 2142 with 
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Table 2. Reactivity Patterns of Individual Species to Each ODN 



ODN a 



Sheep 



Goat 



Horse 



Pig 



Dog 



Cat 



1 


2 


2 


2 


2 


2 


2 


2 


2 


1 


1 


2 


2 


1 


1 


2 


2 


2 


2 


2 


2 


2 


1 


1 


1 


1 


2 


2 


2 


5 


0 


0 


0 


0 


0 


0 


0 


0 


7 


8 


0 


0 


9 


9 


0 


0 


0 


1 


1 


1 


1 


8 


8 


8 


9 


0 


0 


0 


8 


0 


3 


3 


3 


4 


7 


8 


8 


6 


2 


0 


0 


6 


6 


0 


0 


1 


3 


4 


4 


6 


3 


4 


4 


1 


4 


5 


9 


5 


1 


7 


8 


9 


0 


9 


0 


2 


0 


6 


0 


2 


5 


8 


6 


7 


4 


5 


2 


3 


6 


5 


1 


2 


1 


1 


4 


5 



Chicken 



Cotton rat 



Rabbit 



Mouse 




Compartments are shaded if the mean proliferative response of a particular ODN and species was at least 50% 
of the value for the maximally stimulatory ODN for that species. 



one GTCGTT, one GACGTT, and one TGCGTT motif, was 
stimulatory to immune cells from all but 2 of the species, and 
ODN 2186 with one GTCGCT motif stimulated cells from 7 
species. The motif optimal for stimulating murine cells 
(GACGTT) was also able to induce proliferative responses in 
rabbit lymphocytes but not in the cells from the other species 
tested. Among the ODN with a native phosphodiester back- 
bone, ODN 2079, 2080, and sometimes 2082 had a stimulatory 
effect, which may be due to the poly-C tail, specifically for 
ODN 2079 and 2082, which do not have the GTCGTT motif. 

Adjuvanticity of immunostimulatory ODN in sheep 

To determine if immunostimulatory ODN can be used as an 
adjuvant in a species of veterinary importance, the immune re- 
sponses induced to BHV-1 tgB formulated either with CpG or 
with VSA3, an oil-based adjuvant (van Drunen Littel-van den 
Hurk et al., 1994), were determined in sheep. ODN 2135 was 
selected for this experiment, as it induced the strongest prolifer- 
ation in the PBMC from sheep as well as a strong response in 
cells from all but one of the other species tested. After one im- 
munization, the sheep immunized with tgB and ODN 2135 or 
VSA3 developed low antibody titers, whereas the animals im- 
munized with tgB in PBS did not have detectable antibody lev- 
els (Fig. 3A). Although all titers increased after the second im- 
munization, the responses induced by tgB in the presence of 
ODN 2135 or VSA3 were still significantly higher than those 
induced by tgB in PBS (p < 0.05), which confirms the adjuvant 
effect of ODN 2135. Although there was no difference between 
0.8 mg of ODN 2135, 4 mg of ODN 2135, and VSA3, 20 mg of 
ODN2135 induced significantly higher titers (p < 0.05). 

To assess the biologic relevance of the antibody responses 
elicited with the different tgB formulations, virus neutralization 
(VN) titers were determined 2 weeks after the second immu- 



nization. The VN titers were similar in the groups immunized 
with tgB formulated with 4 mg of ODN 2135 or VSA3, 
whereas the VN titers were higher in the group that received 
tgB with 20 mg of ODN 2135, which confirmed that the tgB- 
specific antibodies induced with CpG ODN as an adjuvant have 
equivalent neutralizing capacity to the antibodies elicited with a 
conventional oil-based adjuvant (Fig. 3B). 



DISCUSSION 

Immunostimuiation by CpG DNA represents a novel immu- 
nologic process of nonself recognition by vertebrates that is be- 
ing capitalized on for practical applications in human medicine. 
The need for safer and more efficacious adjuvants and im- 
munotherapies for humans and animals, as well as the applica- 
tion of animal models to human disease, makes CpG an attrac- 
tive option for further investigation in veterinary species. Here, 
the scope for future research within this field has been signifi- 
cantly broadened with the identification of biologically active 
CpG motifs and ODN for a number of important veterinary and 
laboratory species. 

Although it is difficult to make concrete comparisons be- 
tween species, especially given the differences in absolute in 
vitro responsiveness to the ODN panel and a lack of differences 
between most of the stimulatory ODN, some outstanding fea- 
tures were detected. In ail species, the GTCGTT motif appeared 
to have stimulatory potential, and the number and sequence 
context of this motif also influenced the biologic activity of the 
ODN. ODN without CpG motifs were nonstimulatory in the 
proliferation assays, whereas there were diverse levels in re- 
sponsiveness to CpG ODN. The stimulatory capacity of the 
ODN was dependent not only on sequence but also on the 
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FIG. 1. Proliferation of PBMC in peripheral blood from 6 sheep, 6 goats, 8 horses, 7 pigs, 14 dogs, 13 cats, and 6 chickens and splenocytes from 
6 cotton rats in response to incubation with different ODN. The results represent the average of triplicate wells and are expressed as mean SI ± 
SEM for each ODN. The horizontal line represents 50% of the SI achieved with the maximally stimulatory ODN. All ODN except the ones indi- 
cated by phosphodiester are phosphorothioate modified. *Mixture of phosphorothioate and phosphodiester bonds. 
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FIG. 2. Proliferation of PBMC in peripheral blood from popliteal lymph nodes from 9 rabbits and splenocytes from 6 C57BL/6 mice in response 
to incubation with different ODN. The results represent the average of triplicate wells and are expressed as mean SI ± SEM for each ODN. The 
horizontal line represents 50% of the SI achieved with the maximally stimulatory ODN. All ODN except the ones indicated by phosphodiester are 
phosphorothioate modified. *Mixture of phosphorothioate and phosphodiester bonds. 



chemical nature of the backbone. In general, ODN with a native 
phosphodiester backbone were nonstirnulatory, with the excep- 
tion of ODN 2079, 2080, and 2082. Interestingly, both ODN 
2079 and 2080, which contain only one motif followed by a 
poly-C tail, have been shown previously to stimulate human 
immune cells (Hartmann et al., 2000). In this case, the poly-C 
component may permit enhanced ODN uptake or stabilize the 
ODN against degradation, thus accounting for the fact that a 
GACGTT motif in 2079 could stimulate proliferative responses 
as well as ODN 2080, which contains the optimal GTCGTT 
motif. Consistent with previous observations (Hartmann et al., 
2000), ODN 2082, which has a GCCGTT motif, generally did 
not have a strong stimulatory effect on PBMC. 

Previous studies have identified optimal ODN sequences for 
stimulating murine, primate, and monkey immune cells (Chace 
et al., 1997; Jones et al., 1999; Davis et al, 2000; Hartmann et 
al., 2000). Furthermore, motifs that activate bovine, feline, and 
canine cells in vitro have also been identified (Brown et al., 
1998; Pontarollo et al., 2001, in press; CM. Wernette et al., un- 
published observations). An ODN with a TpC dinucleotide at 
the 5 '-end followed by copies of the optimal CpG motif 
(GTCGTT), separated by TpT dinucleotides, appears to be opti- 
mal for stimulation of human, rhesus monkey, chimpanzee, and 
bovine lymphocytes (Jones et al., 1999; Davis et al., 2000; 
Hartmann et al, 2000; Pontarollo et al, 2001, in press). Recent 
evidence has suggested that the lower and higher vertebrates 
recognize different motifs, as immune responses in fish were 
not enhanced using CpG ODN that have adjuvant capacity in 
mice (Kanellos et al., 1999). However, subsequent studies have 
shown that fish, like the species described in this report, also re- 
spond to the GTCGTT motif (H. Davis, personal communica- 
tion). Including the data presented here, CpG motifs have been 
identified for 15 species. Immune cells from all these species 
were stimulated by the GTCGTT motif, indicating that CpG 
motif recognition is an ancient evolutionary adaptation that is 
highly conserved in a broad variety of species across three ver- 
tebrate phyla. The only apparent exceptions appear to be labo- 
ratory mice and rabbits, which also recognize the GACGTT 
motif. This phenomenon may be due to the fact that the strains 
of those species screened for CpG ODN reactivity were inbred. 
It should be noted that the other laboratory species screened in 




Days after 1 ° immunization 




FIG. 3. Serum antibody responses in sheep immunized twice with PBS 
(□), tgB in PBS (■), tgB with 0.8 mg ODN 2135 (■), tgB with 4 mg 
ODN 2135 (S), tgB with 20 mg ODN 2135 (■), or tgB with VSA3 (H). 
(A) Geometric mean tgB-specific ELISA titers, expressed as the recipro- 
cal of the highest dilution resulting in a reading of 2 SD above the control 
value. The arrow indicates the time point of the secondary immunization 
on day 28. (B) Geometric mean virus-neutralizing antibody titers 2 weeks 
after the second immunization and expressed as a 50% end point using 
100 pfu of BHV-1. Error bars show the SD of the means. 
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this study was an outbred cotton rat strain, and the observed 
pattern of reactivity was the same as for the other outbred 
species used in this study. In addition to further defining the 
mode of action of CpG ODN in veterinary species at, for exam- 
ple, the cytokine level, future work may elucidate whether in- 
breeding has an impact on CpG recognition. Our data are sup- 
ported by the recent identification of Toll-like receptor-9 
(TLR-9) as a CpG recognition molecule (Hemmi et al., 2000), 
which suggests a high degree of evolutionary conservation in 
the recognition mechanism, regardless of what is the actual re- 
ceptor or receptor complex. It will now be possible to compare 
TLR-9 sequences in the various species and define the similar- 
ity with the TLR-9 sequences in mice and humans. 

Studies in mice, monkeys, and primates suggest that ODN- 
induced in vitro proliferation correlates well with the capacity 
to enhance immune responses (Lipford et al., 1997; Chu et al., 
1997; Davis et al., 1998, 2000; Jones et al., 1999). In orang- 
utans, which weigh 5-15 kg, a little less than the sheep used in 
this study, ODN 2006 at a dose between 30 jxg and 1 mg was 
found to enhance immune responses to HBsAg (Davis et al., 
2000). Although further experimentation would be required to 
fully determine the quality of the active ODN identified in this 
study, the ODN that induced the strongest in vitro proliferation 
of ovine PBMC also acted as an efficient adjuvant for a recom- 
binant protein vaccine in vivo in sheep. At a dose of 0.8-4 mg, 
the adjuvant effect of ODN 2135 was as strong as that of an oil- 
based adjuvant that has been used frequently with recombinant 
protein vaccines (van Drunen Littel-van den Hurk et al., 1994). 
At 20 mg, the adjuvant capacity of ODN 2135 was even 
stronger. As observed for ODN 2006 in orangutans (Davis et 
al., 2000), there was a trend for higher titers at the higher dose 
of ODN 2135 in sheep. Consequently, the data presented here 
confirm the adjuvanticity of CpG ODN in a veterinary species. 

Not only do these data have relevance to veterinary medi- 
cine, but they may also allow the properties of CpG to be tested 
in animal models of human disease, such as respiratory syncy- 
tial virus, rabies, virus, and mycobacterial infections (Sharma 
and Woldehiwet, 1991; Baltazar et al., 1992; Piazza et al., 
1993; Burrells et al., 1995), Furthermore, the potential of using 
large animal models of human disease will allow studies on 
CpG that are difficult or impossible to perform in mice, such as 
the impact of CpG ODN on regional immunity and toxicologic 
effects of CpG at clinically relevant doses. 

In conclusion, this is the first report describing active CpG 
motifs for a number of important livestock and companion ani- 
mals. Additionally, based on our data and those of others, it is 
becoming apparent that CpG motif recognition is highly con- 
served in a broad variety of species. The data presented in this 
report widen the scope for CpG technology and will allow sys- 
tematic testing of the efficacy of this promising new pharma- 
ceutical in many new applications. 
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ABSTRACT. Interleukin-12 (IL-12) is a pivotal cytokine representing the link between the cellular and 
humoral branches of an effective host immune defense apparatus. IL-12 is a heterodimer produced by 
phagocytic, B, dendritic, and possibly other accessory cells in both innate and adaptive immune responses. 
It is a key factor in the induction of T cell-dependent and independent activation of macrophages, 
generation of T helper type 1 (Thl) and cytotoxic T cells, suppression of IgGl and IgE production, 
induction of organ- specific autoimmunity, and resistance to bacterial and parasitic infections [1]. IL-12 
has a powerful and- tumor and an ti- metastatic activity against many murine tumors [2-5] as well as 
human tumors [6-17]. The genes encoding the two heterologous chains of IL-12, p40 and p35 are located 
on different human chromosomes. Together, p40 and p35 form the biologically active IL-12. Their 
expressions are highly cordinated during an effective immune response. However, under some 
pathological conditions, IL-12 is under- or overexpressed, resulting either in a lack of resistance to 
microbial infection and to uncontrolled tumor growth, or in destructive inflammation, respectively. A 
transient or irreversible dysregulation of IL-12 production may reflect a pathogen/tumor cell-induced 
disruption in the highly coordinated expression of p40 and p35. The understanding of the molecular 
mechanisms governing the expression of IL-12 p40 and p35 genes in the context of interactions between 
pathogens and the immune system is essential in efforts aimed at designing therapeutic strategies to treat 
infectious and malignant diseases. 

Keywords : IL-12, gene expression 



CELLULAR INDUCTION OF IL- 12. 

IL-12 was originally discovered mid characterized 
as a product of the EBV -transformed 
lymphoblastoid B cell lines RPMI-8866, ADP, and 
KC37 [18,19]. Phagocytic cells, however, have been 
subsequently and firmly established as a major 
source of IL-12 production by many in vitro and in 
vivo studies in infectious disease models [20], 
PBMC or purified monocytes produce high levels of 
IL-12 p40 and p70 when stimulated by bacteria, 
such as heal -fixed Staphylococcus aureus (SAC) or 
Staphylococcus extracts, or by bacterial products 
such as LPS [21]. The producer cells within PBMC 
arc mostly monocytes and other MIIC class II- 
positivc cells, possibly dendritic cells [21]. The 



production of IL-12 by phagocytic cells, and at least 
in part, by dendritic cells, is induced by a variety of 
mechanisms that reflect the role played by IL-12 in 
inflammation and immunity. 

These mechanisms are either T cell-independent or 
-dependent. Hie T cell -independent mechanisms are 
important for the proinflammatory and 
iminunoregulatory role of IL-12 at the interface of 
innate resistance and adaptive immunity. These 
mechanisms are exemplified by the induction of 
IL-12 by infectious agents such as bacteria, both 
protozoan and mctazoan parasites, fungi, and 
viruses as well as their products, of which LPS and 
bacterial DNA are the most typical examples [21, 
22]. 
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During inflammation, however, an important 
mechanism of infection-independent induction of 
FL 12 and other cytokines is represented by 
interaction of adhesion molecules with substrates of 
inflammatory origin, exemplified by the interaction 
of CD44 adhesion molecules with low molecular 
weight hyaluronan [23). The T cell-dependent 
mechanism of IL-12 production is dependent on the 
ability of CD40 ligand (CD40L) expressed on 
activated T cells to interact with CD40 receptor ou 
the surface of monocyte/macrophages and dendritic 
cells |24, 25]. The T cell -dependent mechanisms of 
IL-12 induction play an important role in the T cell 
immunoregulatory role of IL-12 and in particular in 
the maintenance of Thl responses. 

MODULATION OF IL-12 PRODUCTION AT 
THE CELLULAR LEVEL. 

IL-12 production during an immune reaction is 
tightly modulated by both positive and negative 
feedback signals. The positive feedback regulation 
is exemplified by IFN-y which is induced by IL-12 
initially from NK and T cells and which in turn 
potently enhances the ability of monocytes and 
polymorphonuclear ceils (PMN) to produce IL-12 
(26, 27]. The priming effect of IFN-y for 
augmented IL-12 production may represent a 
mechanism by which IL-12-induced Thl responses 
are maintained in vivo. This effect is materialized 
only after extended treatment of monocytes with 
IFN-y (>12 h) prior to stimulation with bacterial 
products such as LPS, suggesting that it may be 
secondary to an activation/inatura- 
tion/differentiation effect induced by IFN-y. The 
positive feedback amplification of IL-12 
production mediated by IFN-y is a potentially 
dangerous mechanism leading to uncontrolled 
cytokine production and possibly shock. 

There arc also effective mechanisms that down- 
regulate IL-12 production and the responsiveness of 
TandNK cells to IL-12. The Th2 cytokine IL-10 is 
a potent inhibitor of IL-12 production from 
phagocytic cells; the ability of IL-10 to suppress 
production of IFN-y and other Thl cytokines is due 
primarily to its inhibition of IL-12 production from 
APC and to its inhibition of expression of other 
costimulatory surface molecules (e.g. B7) and 
soluble cytokines (e.g., TNF-a, IL-lp) (28-30). 
Another powerful inhibitor of IL-12 production is 
TGF-p, a product of neoplastic transformation [31]. 

An important mechanism of cross-talk between 
innate resistance and adaptive immunity is the 
ability of complement components and 
immunoglobulins to react with complements or Fc 
receptors (FcR) on the effector cells of innate 
resistance, modulating their functions and cytokine 
production. The first indication that IL-12 
production is also regulated by those interactions 
was provided by the observation that measles virus 



induces a profound depression of Thl responses 
following infection, in part by interacting with its 
receptor on phagocytic cells, die CD46 molecule, to 
inhibit IL-12 production (32]. CD46, or membrane 
cofactor protein, is a binding site for C3b and C4b. 
By binding to CD46, both polymeric C3b and anti- 
CD46 antibodies can inhibit IL-12 production, 
suggesting that measles vims may utilize a 
physiological mechanism of selectively 
downregulating IL-12 through activated 
complements in its induction of immunosuppression 
[32]. HIV activates the complement system in 
human plasma and may interact with complement 
regulatory molecules for its own advantage: 
enhancement of infectivity, follicular localization, 
and broadening of its host range while displaying an 
intrinsic resistance against the lytic action of human 
complement. Whether there is a direct linkage 
between HIV-activated complement system and the 
recently documented suppression of IL-12 
production in HIV-infected individuals [29, 33 J 
remains to be established. 

Immunocomplexes occur in a number of chronic 
human diseases in which autoimmune symptoms are 
not the main feature, but in which sufficient Thl- 
type immune responses are critical and an 
impairment of IL-12 secretion may be responsible 
for the disease progression, such as in HIV- 
infection, tuberculosis, and malignant processes [34, 
35]. The ability to trigger monocyte /macrophage 
receptors and selectively suppress IL-12 production 
was extended to the interaction of C3 bi with 
complement receptor 3 (CD I lb) and to the 
interaction of immunocomplexes with FcR or 
scavenger receptors [36-38). CD1 lb and FcR have 
also been shown to interact with each other and 
synergize in functional activation of the effector 
cells, suggesting possible converging signal 
transduction pathways [39-42]. The FeR-inediated 
inhibition of IL-12 is interesting because cross- 
linking of these receptors is also a potent stimulus 
for the induction of other proinflammatory 
cytokines [43-51], This phenomenon may be related 
to the notion that aggregating FcR may result in 
both positive and negative signals, depending on die 
types of FcR that are interacting. For instance, 
interaction between FcR containing iinmunoreceptor 
tyrosine-based activating motif (ITAM) and FcR 
containing iinmunoreceptor tyrosine-based 
inhibitory motif (ITIM) results in negative 
cooperation [52]. Calcium fluxes and the production 
of prostaglandin E2 are implicated in FcR-mcdiatcd 
inhibition of IL-12 production. IL-10 and TNF-a 
arc partially responsible for this inhibition since it 
has been demonstrated that the use of anti-IL- 10 and 
anti-TNF-a antibodies resulted in an incomplete 
reversal of the suppression of IL-12 production 
mediated by immunocomplexes or FcR-Iigation 
[38], Moreover, in IL-10-deficient mice, the FcR- 
mediated down-regulation of IL-12 was also 
observed (D. Mosser, personal communication). 
This cytokine down-regulation after receptor 



X. Ma, et al 



ligation may contribute to the transient nature of IL- 
1 2 in plasma during bacteremia, and it may result in 
diminished 1L-12 production in an immune host due 
lo the rapid clearance of IgG- opsonized bacteria. 
The receptor- mediated inhibition of 11,-12 induction 
may also be exploited by intracellular pathogens of 
macrophages to down-regulate IL- 12 production and 
suppress or delay (he development of cell -mediated 
immunity. 



MOLECULAR MECHANISM OF IFN-y 
PRIMING FOR IL-12 P40 GENE 
EXPRESSION. 

The analysis of the molecular control of IL-12 
production is complicated by the need to study the 
coordinated expression of both |)40 and p35 genes. 
The p40 gene is highly inducible and expressed 
only in IL-12-producing cells, compared with that 
of the more ubiquitously expressed p35 gene. We 
examined simultaneously nuclear transcription, 
steady-stale mRNA and secreted protein levels of 
IL-12, and established that the human IL-12 p40 
gene is primarily regulated at the transcriptional 
level by IFN-y and LPS in monocytic cells [53]. 
Both the human and mouse IL-12 p40 promoters 
have been cloned [53, 54]. The 3.3 kb human p40 
promoter, when linked to a luciferasc reporter gene, 
transiently or stably transfected into various IL- 12- 
producing and non- producing cell lines, largely 
recapitulated the cell specificity of die endogenous 
p40 gene, i.e., it is constitu lively active in EBV- 
transformcd B cell lines (e.g., RPMI-8866, CESS), 
and inducible by LPS in myeloid cell lines (e.g., 
THP-I and RAW264.7), but inactive in T cell lines 
(e.g.. Molt- 13 and Jurkat). Moreover, this promoter 
construct responds to IFN-y-priining in monocytic 
cells much like the endogenous p40 gene, 
suggesting that it contains sufficient sequence 
elements to reconstitute the in vivo response. 

A detailed functional dissection of the human p40 
promoter in monocytic and EBV-B cell lines has 
identified two critical r/s -elements involved in the 
regulation of the p40 gene transcription by LPS and 
IFN-y. An ets site at -211/-206 flTTCct) and an 
"NFkB half site" at -117/- 107 (TGAAATTCCCC). 
The ets site and its surrounding sequences (-292/- 
1%) interacts with a very large complex named Fl 
which is induced by either LPS or IRsI-y and which 
is composed of ets-2, 1RF-1,NFkB c-Rel, and a 
novel, ets-2-related protein with a molecular mass of 
109 kDa (dnis named GLpl09 for its inducifaility bv 
LPS and IFN-y). 5' deletion of 27 bp of this 
region (-265/- 196) revealed a second complex 
named F2 which is more responsive to IFN-y than to 
LPS and which does not appear to be related to any 
known IFN-y-inducible factor or to any members of 
the NFkB family. The "NFkB half site" binds 
p50/p65 and p50/c-ReI heterodimers induced by 
LPS. Both elements are essential since deletion or 



mutation of specific nucleotides within these sites 
abolish the p40 promoter activity. Cotrans feet ion 
experiments with various combinations of 
expression vectors for NFkB p65, p50, c-Rcl, and 
cts-2 demonstrated that ets-2 and c-Rel 
synergistically activate the transfected p40 promoter 
in both IL-12 p40 expressing cells (RPMI-8866, 
RAW264.7), and non-expressing cells such as Bjab 
[EBV(-) B cell line] and Jurkat (T cell line) [55], 
strongly suggesting that c-Rel and ets-2 are the 
major transcription factors necessary and sufficient 
to direct (he cell type-specific expression of the p40 
gene. 

The presence of IRF-I in the Fl complex, thereby 
its involvement in the regulation of p40 gene 
expression, is strongly suggested by the observation 
of deficient IL-12 production and impaired Th-1 
responses in IRF-l-null mice [55]. Another gene 
that is induced by IFN-y is the interferon consensus 
binding protein (1CSBP) which belongs to the IRF 
family of transcription factors but which is 
expressed exclusively in cells of the immune 
system. Mice with a disrupted ICSBP gene are 
selectively deficient in IL-12 p40 gene expression 
mid highly susceptible to infection with intracellular 
pathogens such as L. monocytogenes and 7*. gondii 
[56, 57]. The ets site in the j>40 promoter bears 
strong resemblance to the ISRE that ICSBP interacts 
with.. Our functional studies indicate that ICSBP 
can act through this site and synergize specifically 
with IRF-1 to activate Ute human p40 promoter in 
RAW 264.7 cells [58]. 



MOLECULAR REGULATION OF IL-12 P35 
GENE EXPRESSION. 

Analysis of IL-12 p35 gene expression is hindered 
not only by its ubiquity, but also by its low activity 
and inducibilily, until the priming effect of IFN-y 
was discovered [27, 53]. Our comparative studies 
with cycloheximide (CI1X) revealed striking 
differences in mRNA regulation between the p40 
and p35 genes, i,c, the S. aureus- or LPS-induced 
p40 mRNA was abrogated when cells were 
pretreated with CIL\, suggesting that the regulation 
of IL-12 p40 gene requires the induction of a CHX- 
scnsilive transcription factor(s). In contrast, IL-12 
p35 mRNA was "superinduced" by CHX, indicating 
that the activation of the p35 mRNA requires only a 
prcsynthesi/cd aclivalor(s) that can be induced 
either by S. aureus or LPS at the posllranslalional 
level [59]. 

The genomic structure of both mouse and human 
IL-12 p35 genes has been determined. In both 
species, the p35 gene consists of either 8 [60] or 7 
[61 , 62J exons, as analyzed by primer extension [61 ] 
or by 5' RACE [60]. This genomic structure is 
further suggested by the isolation of murine p35 
cDNA with alternative 5f untranslated regions [60, 
63]. The nucleotide sequence of human p35 cDNA 



57 



isolated from human BCL contains a single long 
open reading frame encoding a 253-aa polypeptide. 
This sequence contains two potential translation 
initiation codons (residues 1 and 35) 5' to the N 
terminal sequence determined from the natural 
protein [64]. 

The upstream translation initiation codon is 
maintained in the p35 genes in non-human primates 
[65] and in pigs (Genbank accession number 
SSV08317), but not in mice [66] or several other 
mammals. The sequence initiated from the second 
methionine encodes a typical hydrophobic signal 
peptide (residues 35-56) with a consensus cleavage 
site immediately adjacent to the N-terminal 
sequence of the mature p35 protein. The 
hypothetical 34-aa sequence beginning with the 
methionine at residue 1 is less hydrophobic and 
includes several basic residues [64]. Based on the 
sequence data, together with the observation of the 
absence of the upstream initiation site in other 
species, and transfection data using cDNA lacking 
the methionine at residue 1 , it was concluded that 
the second methionine is sufficient for expression of 
the functional p35 subunil [64]. However, other 
sequences similar to residues 1-34 in the 1L-12 p35 
are found linked to signal peptides of membrane- 
associated proteins, raising the possibility that this 
sequence may be involved in generating a 
membrane form of p35. The possible expression of 
IL-12 as a membrane-bound form in both human 
and murine macrophage cell lines has been 
suggested by an isolated study using 
cytofiuorimetric staining with anti-IL-12 antibodies 
[67]. In addition, cloning of the feline IL-12 p35 
chain revealed three leucine zipper motifs that are 
highly conserved in human and mouse [68], 
suggesting the potential for interactions between the 
p35 chain itself (homodimer), or between p35 and 
another leucine zipper-containing protein that may 
have biological activities yet ascribed to p35. 

The promoter region of both the mouse and human 
p35 genes has been cloned [60-62], We subcloned a 
1 143 bp BamHI-PstI fragment of the human gene. 
It contains some putative transcriptional motifs such 
as Spl, IFN-y-response element (y-IRE), PLU, 
C/EBP, GM-CSF, a T cell-specific transcription 
factor TCF-la. The human p35 gene appears to 
initiate its transcription from at least two sites, one 
for B lymphoblastoid cells, and one for monocytes 
[62]. The latter follows a TATA" box-like 
sequence which in the mouse gene has been 
suggested to be part of an ancestral IL-12 p35 
promoter [61] and which would generate a shorter 
inRNA including only the second methionine at 
residue 35. The presence of multiple transcription 
initiation sites in the human and murine IL-12 p35 
promoter raises an interesting prospect of different 
cell type usage of the promoter. The 1 143bp p35 
genomic fragment was linked to a luciferase reporter 
construct, transiently transfected into RPMI-8866 
(EBV-B cell line that constitutive! y produce IL-12), 



Jurkat (T cell line that does not produce IL-12 but 
expresses the p35 gene constitutively), and RAW 
264.7 cells which produce IL-12 only after 
stimulation with IFN-y and LPS. This promoter 
construct is very active in B cells but not in T cells, 
suggesting that the T-cell specific cis elements may 
be absent in this promoter region. TPA does not 
further activate the promoter. It is also inducible in 
RAW 264,7 cells by a combination of IFN-y and 
LPS treatment, mimicking that of the p40 gene. 

DUAL REGULATION OF IL-12 
PRODUCTION BY IL-4 AND IL-13. 

The Th-2 cytokines IL-4 and IL-13 are generally 
grouped as anti-inflammatory or macrophage 
deactivating cytokines. However, studies from many 
laboratories including ours, clearly indicate that 
their actions are very complex and may result often 
in unexpected discordant effects. On monocytes/ 
macrophages, IL-4 inhibits the expression of IFN-y- 
induced genes and the differentiation of these cells, 
whereas IFN-y induces their differentiation. IL-4 or 
IL-13 treatment of monocytes induces the formation 
of long cytoplasmic protrusions that tightly adhere 
to substrates, giving them a dendritic-like 
appearance [69]. Addition of IL-4 to long-term 
monocyte cultures grown in the presence of 
GM-CSF blocks the differentiation to macrophages 
and the expression of macrophage markers such as 
CD14 or Fc receptors, while inducing cells that 
resemble dendritic/Langerhans cells with respect to 
antigenic phenotype (e.g. expression of CD1) and 
potent APC functions [70, 71]. Short-term treatment 
of monocytes with IL-4 or IL-13 enhances the 
expression of the surface antigens MHC class II, 
CDllb. CDllc. CD18, and CD23, but 
downregulates the expression of CD 16, CD32, and 
CD64 [72-79]. Furthermore, IL-4 and IL-13 inhibit 
production of IL- la and p, IL-6, IL-8, IL- 10, 
IL-12 p35 and p40, GM-CSF, M-CSF, G-CSF. 
I FN -a and TNF-o, but enhance production of IL-1 
receptor antagonist (IL-IRa) by monocytes [78-83]. 
However, pretreaunent of PBMC with IL-4 or IL- 13 
for 20 h or more enhances LPS- or SAC-stimulaled 
production of IL-12 and TKF-a [84]. In mouse 
spleen cells, IL-4 added at the time of addition of 
the stimulus inhibited IL-12 production induced by 
the T cell-independent pathway (I FN -y+ LPS), but 
potently stimulated IL-12 production induced 
through the T cell-dependent pathway (CD40- 
CD40L) [85]. 

INHIBITION OF IL-12 PRODUCTION BY 
IL-10. 

We have previously established that the inhibitor)' 
effects of 1L-10 on IL-12 production from 
phagocytic cells are transcriptionally exerted and 
that this effect is an active process dependent on de 
novo protein synthesis [59]. However, a thorough 
examination of IL-12 p40 promoter activity in both 
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transient and stable transfcetion in RAW 264.7 cells 
treated with IFN-y'LI'S and II --10 failed to localize 
mi IL- 10- responsive clement along stretches of the 
human IL-12 j>40 gene spanning from 11.3 kb 
upstream and some 5 kb downstream of the 
transcription initiation site (our unpublished data), 
suggesting that these regions of the IL-12 p40 
promoter may not contain the IL- 10-responsivc 
elements. 

INHIBITION OF IL-12 MEDIATED VIA FC 
RECEPTORS. 

In collaboration with Dr. D. Mosser at Temple 
University School of Medicine, we examined further 
the initial observation that the ligation of 
immunocomplexes mimicked by IgG-opsonizcd 
erythrocytes with FcR resulted in severe and 
selective inhibition of IL-12 in bone marrow- 
derived mouse macrophages (BMM) [36]. It has 
become quite clear that this inhibition is 
transcriptional for both IL-12 p35 mid p40 genes. 
An analysis of the nuclear binding activities to the 
p40 promoter indicated that NFkB (consisting of 
mainly p50, p65, and c-Rel), Fl and F2 binding 
activities were specifically inhibited by FcR 
ligation. This may be one of the mechanisms in 
which cross-linking of the FcR leads to selective 
downregulalion of the IL-12 p40 gene. 

INHIBITION OF IL-12 PRODUCTION BY 
VIRUS-INDUCED IFN-a. 

The role of IL-12 in viral infection is only beginning 
to be understood. IL-12 contributes primarily to the 
early development and activation of the innate 
immune response in a murine influenza virus 
infection model [86, 87], and during murine 
cytomegalovirus (MCMV) infection [88, 89J. In 
contrast, studies of IL-12 administration during 
lymphocytic choriomeningitis virus (LCMV) 
infections of mice have demonstrated that high 
concentrations of IL-12 may contribute to systemic 
toxicity and inhibition of the expansion of protective 
CTL [90, 91]. HIV infections are also associated 
with protective CTL [92-95], and cells from HIV- 
infected individuals have a deficiency in their ability 
to produce IL-12 [96, 97]. These observations 
suggest that during these infections, the Jcvels of the 
endogenously produced IL-12 have to be tightly 
controlled. One of the conditions distinguishing 
viral infections from intracellular bacterial and 
parasitic infections is the early induction of systemic 
production of IFN-u/p [98- 100]. Recently, Cousens 
et al [101] reported that exogenous IFN-u/p 
inhibited SAC-induced IL-12 production in murine 
splenic leukocytes, and this inhibition is specific for 
IL-12 since the induction of TNF-a was not 
affected and that of 1L-6 was enhanced. They further 
observed that endogenous IFN-a/f* induced by 
LCMV inhibited in vitro LPS-stimulated IL-12 
production, which could be reversed by the addition 



of neutralizing antibodies against IFN-u/p. These 
results demonstrate a new pathway for regulating 
cytokine gene expression, IL- 12 in particular, during 
ant t- viral immune responses. 

Wc have initiated some preliminary experiments to 
explore the possibility of examining the role of 
IFN-u in regulating IL-12 production in human 
monocytes. First, monocytes were pretreated with 
IFN-a lor 16 h, followed by stimulation with LPS or 
SAC. No significant effect of IFN-a was seen on 
LPS- or SAC-stimulated IL-12 p4() and p70 
production. However, when monocytes were 
pretreated with both IFN-a and IFN-y together 
simultaneously. IFN-a inhibited LPS-, and SAC- 
iiuhiecd IL-12 p40 mid p70 enhanced by IFN-y. lliis 
inhibition was also observed by sequential 
pretreatrnent with cither IFN-y first followed by 
IFN-a treatment, or IFN-a first, then IFN-y 
treatment. These observations suggest that IFN-u 
pretreaUnent does not inhibit LPS- or SAC-induced 
IL-12 production but strongly antagoniyxs IFN-y- 
polentiated IL-12 synthesis. 

SUPPRESSION OF IL-2 PRODUCTION 
DURING ENDOTOXIN TOLERANCE. 

Endotoxin tolerance is a clinically definable state in 
which exposure to low doses of bacterial toxins such 
as LPS leads to the secondary down-regulation of a 
variety of endotoxin-driven inflammatory responses 
such as fever, cachexia, shock, and lethality. 
Endotoxin tolerance may provide protection from 
the development of septic shock. However, a 
significant number of survivors of acute septic 
shock have j>crsisteiU abnormalities of monocyte/ 
macrophage activation, i.e. anergy and markedly 
elevated risks of delayed mortality from secondary 
infections. Their monocytes display dramatically 
reduced levels of proinflammatory cytokine 
production and HLA-DR expression along with a 
diminished capacity for antigen presentation [102- 
104J. This hypo-inflammatory state following sepsis 
has been described as "immunologic paralysis". It is 
notable that the phenotypc of endotoxin tolerance, 
both in vivo and in vitro, is not simply that of a 
global deactivation of monocytic functions. The 
LPS-induced production of several proinflammatory 
(TNF-a, IL-1. IL-6) and anti-inflammatory (IL-10) 
cytokines is suppressed in endotoxin [105-107]. 
Production of these cytokines is also inhibited in 
response to heterologous inflammatory stimuli such 
as TSST-1 and SAC. However, the production of 
other mediators, including the anti-inflammatory 
cytokine receptor IL-1R antagonist, remains 
unaltered or enhanced |106, 108 J. The mechanisms 
responsible for the generation of tins characteristic 
functional state of monocytes/macrophages are 
beginning to be elucidated. Most work has focused 
on characterizing the altered regulation of TNF-a 
production during endotoxin tolerance. The down- 
regulation of the receptor for LPS binding and 
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signaling. CD14. does not appear lo be a 
prerequisite for endotoxin tolerance [109, 1 10] and 
there is a CD14-indepcndent mechanism for 
establishing LPS-tolerancc, mediated through a 
protein kinase C (PKC)-dependent pathway [110]. 
Recent data indicate that IL-10» and secondarily , 
TGFp, plays a central role in the TNF-ot suppression 
seen during endotoxin tolerance in humans [106]. 
The observation that IL-10-deficient mice arc not 
compromised in their ability to undergo endotoxin 
tolerance for TNF-a production [111] suggests that 
there are major species differences or redundant 
mechanisms in the regulation of endotoxin 
tolerance. 

The production of IL-12 by monocytes/ 
macrophages and other antigen presenting cells is 
central to the generation of both innate and acquired 
cell-mediated immune responses to many 
pathogens. Both the proinflammatory and 
immunoregulatory roles of IL-12 are mediated 
through its stimulation of IFN-y production from 
NK and T cells. IFN-y and TNF-a have been 
strongly implicated as key mediators of endotoxic 
lethality[112, 113]. Therefore, the role of IL-12 in 
endotoxic shock and tolerance is of significant 
interest. IL-12 is produced early after in vivo 
exposure to LPS [114, 115]. In murine models, 
IL-J2 plays a central role in the pathogenesis of the 
generalized Schwartzman reaction [1 16]. 

Furthermore, we have shown that IL-12 can prime 
for endotoxic shock by stimulating IFN-y and 
TNF-a production [115], and neutralization of 
IL-12 protects mice from lethal endotoxemia [115, 
117, 118]. Given the critical role of IL-12 in host 
responses to endotoxins and a wide range of other 
pathogens, we explored the regulation of IL-12 
during endotoxin tolerance. 

Primary human monocytes were preincubated with a 
low dose of LPS (1 ng/ml), which mimics blood 
endotoxin concentrations seen in severe sepsis 
[119], for 24 hours prior to secondary stimulation 
with a higher dose of LPS (lug/ml) or SAC. IL-12 
p40 was markedly inhibited by the treatment of LPS 
prcdosing. IFN-y treatment during secondary 
stimulation completely reversed the inhibition of 
TNF-a production but had no significant effect on 
IL-12 p40, and especially on p70. Inclusion of 
neutralizing antibody to IL-10, but not to TGFp, 
during the LPS-predosing period could, as has been 
shown previously [106], completely prevent LPS- 
induced suppression of TNF-a, and partially IL-12 
p40 production. Under conditions of stimulation that 
lead to production of the functional IL-12 
heterodimer (IFN-y plus LPS or SAC), however, 
neutralization of IL-10 and TGFp failed to fully 
prevent endotoxin tolerance-mediated suppression 
of IL-12 p40. Interestingly, under these same 
conditions production of the IL-12 heterodimer 
remained >95% inhibited, despite neutralization of 



both IL-10 and TGFp. implying that IL-12 p35 
subunit may be a limiting factor in this situation. 
Analysis of steady-state levels of human IL-12 p40 
and p35 and TNF-a mRNA after LPS tolerance and 
SAC as the secondary stimulator indicated that 
SAC- and I FN-y/S AC- induced IL-12 p40 and p35 
mRNA appear to be completely suppressed during 
LPS tolerance whereas I FN-y/SAC-induced TNF-a 
seems to be only partially inhibited. This result was 
mirrored by examining the transcription rate of these 
three genes in human monocytes in a nuclear run-on 
assay. Again, IL-12 p40 and p35 gene transcriptions 
are more significantly affected during LPS tolerance 
than that of TNF-a, which concurs with previous 
reports that IFN-y treatment could reverse LPS 
tolerance-induced suppression of TNF-o production 
[104, 107, 120]. 

Production of proinflammatory, cytokines by 
phagocytic cells during infectious or other 
pathological insults initiates the cascade of complex 
reactions leading to inflammation and to the 
activation of the effector cells of the innate 
resistance. The early inflammatory responses also 
set the stage for the generation of the antigen- 
specific effector cells of adaptive immunity, e.g. by 
directing the generation of Thl or Th2 response, 
depending on the cytokine milieu at the response 
site. Our studies (121, 122] and those of others 
[123, 124] have revealed an important cross-talk 
between the effector cells of innate 
resistance/inflammation and those of adaptive 
immunity, with reciprocal regulation of both 
differentiation and activation, mediated by direct 
cellular interaction, cytokines, pharmacological 
mediators, and also by antibodies and complement 
components. IL-12 plays a major role in this cross- 
talk. The differentiation and activation of 
phagocytes to cells with differential ability lo 
produce IL-12 and other proinflammatory/ 
regulatory cytokines is mediated during 
inflammation by cytokines as well as by interaction 
of cellular receptors with other reactive products, 
with a significant impact on the generation of innate 
and/or adaptive immune responses 
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Abstract: Interleukin (IL)-12 is a cytokine that 
possesses both proinflammatory and immuno regu- 
latory activity. IL-12, and the interferon-7 (IFN-7) 
that is induced by IL-12, play central roles in the 
development of the Thl-type immune responses 
that are required for immunity to intracellular 
pathogens. Recently a number of these pathogens, 
including Leishmania, measles virus, and human 
immunodeficiency virus (HIV), have been shown to 
subvert the development of cell-mediated immunity 
by actively inhibiting the production of IL-12. 
Similarly, the ligation of phagocytic receptors on 
macrophages has also been shown to suppress 
IL-12 production. The suppression of IL-12 produc- 
tion by receptor ligation occurs by at least two 
distinct mechanisms: one involves a direct inhibi- 
tion of gene transcription and the other depends on 
the production of inhibitory cytokines. We review 
studies in which IL-12 has been experimentally 
manipulated, and we compare the mechanisms by 
which this regulation can occur. Because the IL-12 
that is produced during acute inflammation and 
chronic autoimmune disorders can lead to exacer- 
bated disease, the development of pharmacological 
means to suppress IL-12 production is currently 
under investigation. This review focuses on the 
production of IL-12 by antigen-presenting cells and 
the methods by which the down-regulation of IL-12 
production can be exploited either by pathogens or 
for therapeutic ends. J. Leukoc. Biol, 65: 543- 
551; 1999. 
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PRODUCTION AND BIOLOGICAL FUNCTIONS 
OF INTERLEUKIN-12 (IL-12) 

Biologically active IL-12 is a 70-kDa heterodimer (p70) 
composed of two covalently linked subunits, p35 and p40 [1, 2]. 
IL-12 was originally discovered as a product of B cell lines [3], 
However, the most important producers of IL-12 appear to be 
monocytes, macrophages, and dendritic cells [4, 5]. Polymorpho- 
nuclear leukocytes have also been shown to produce IL-12 [6]. 
IL-12 production can be induced by exposing responsive cells 
to a variety of microbial products. Lipopolysaccharide (LPS) of 
gram-negative bacteria has been the most clearly defined 



inducer of IL-12 [4]. Both LPS and lipoteichoic acid from 
gram-positive bacteria have been shown to induce IL-12 
primarily through their 'interaction with CD14 [7]. Trehalose 
dimycolate, a glycolipid present in the cell wall of Mycobacte- 
rium tuberculosis [8], and glycoprotein fractions from Trypano- 
soma cruzi trypomastigotes [9] and Toxoplasma gondii tachyzoites 
[10] have been shown to induce IL-12. Other inducers of IL-12 
include the recombinant Leishmania braziliensis antigen LeIF 
[11] and the CpG motifs contained in bacterial DNA [12]. In 
addition to infectious agents, phagocyte interactions with 
inflammatory matrix molecules and with activated T cells are 
important inducers of IL-12. The interaction of macrophage 
CD44 with low-molecular-weight (inflammatory) fragments of 
the extracellular matrix glycosaminoglycan hyaluronan is ca- 
pable of inducing IL-12 production [13]. Activated T cells have 
been shown to induce the production of IL-12 in monocytes by 
the interaction of T cell-associated CD40 ligand with CD40 on 
monocytes [14]. CD40-CD40 ligand interaction has also been 
shown to be an important inducer of IL-12 by dendritic cells 
[15, 16]. Thus, the direct interaction of phagocytic cells with 
microbial products or phagocyte interactions either with extra- 
cellular matrix components or with activated T cells can drive 
the initiation and the propagation of IL-12 production. 

The role of IL-12 in inflammation and acquired immune 
responses has been well documented [17]. IL-12 drives the 
development of Thl-type immune responses [18-20] and is a 
potent inducer of interferon-7 (IFN-7) from T cells and natural 
killer (NK) cells [1, 3, 21]. Both in vitro and in vivo experiments 
have demonstrated that IL-12 plays a crucial role in the 
development of specific immunity against a number of intracel- 
lular pathogens, including Leishmania major [22, 23], Mycobac- 
terium tuberculosis [24], Listeria monocytogenes [18], and 
Toxoplasma gondii [25]. Animals lacking the IL-12 p40 gene 
[26] or animals treated with antibodies to IL-12 [23, 27, 28] are 
invariably more susceptible to infections with these intracellu- 
lar pathogens. IL-12 has also been shown to have adjuvant 
properties, stimulating an effective cellular immune response to 
microbial antigens, which are not appropriately immunogenic 
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when* administered alone [29]. The over-production of IL-12. 
however, has the potential to be detrimental to the host. IL-12 
produced during LPS endotoxemia [30] and during a number of 
autoimmune disorders, including insulin-dependent diabetes 
mellitus [31], experimental allergic encephalomyelitis [32]. or 
collagen-induced arthritis [33]. can lead to exacerbated dis- 
ease. 

The production of IL-12 p40 is regulated primarily at the 
transcriptional level. The IL-12 p40 promoter contains multiple 
potential transcription-factor binding sites, three of which have 
been directly implicated in p40 gene regulation. An Ets-like 
element between -222 and -204 from the IL-12 p40 transcrip- 
tion start site has been identified by Ma et al. to be important for 
IL-12 p40 promoter activity [34]. This element interacts with a 
multi-subunit transcription complex termed Fl. This complex 
is highly inducible by IFN-7 priming and LPS stimulation. The 
Fl complex is composed of Ets-2. IRF-1, c-Rel, and Ets-related 
factors [34]. An NF-kB half-site located at -117 to -107 in the 
p40 promoter has been identified by Murphy et al. [35] as being 
involved in responsiveness to LPS stimulation. In macrophage- 
like cell lines, both the NF-kB and Ets sites appear to be 
essential for the induction of p40 promoter activity because 
mutations of either the NF-kB or Ets site abolished p40 
promoter activity in response to IFN-7 and LPS [36]. Recently, 
Plevy et al. have identified a site located between -96 and -88 of 
the murine p40 promoter, also conserved in the human p40 
promoter, that can bind to members of the C/EBP family of 
transcription factors in activated macrophages [37]. Although 
no direct interactions between the C/EBP and Rel proteins were 
observed, the C/EBP element exhibits functional synergy with 
the upstream NF-kB half-site [37]. 

IL-12 secretion is also regulated at the level of p35 mRNA 
production. Because transcripts for the IL-12 p35 gene have 
been detected in a variety of cell types that do not secrete intact 
p70 heterodimer, p35 was originally thought to play only a 
minor role in regulating IL-12 biosynthesis. In monocytes, 
however, it is now clear that p35 transcription is tightly 
regulated [38-40]. Exposing phagocytic cells to IFN-7 causes 
an increase in p35 transcription after stimulation. In fact 
IFN-7, which has only a priming effect on the p40 gene, can 
induce p35 gene transcription and mRNA accumulation in the 
absence of further stimulation [6]. The p35 promoter contains 
several putative elements that may contribute to regulation, 
including GAS, ICSBP, and ISRE elements [41, 42] in addition 
to multiple potential NF-kB sites. Unlike p40, which can be 
produced in large excess and secreted as monomers, as 
homodimers, or as the p70 heterodimer, the p35 subunit 
appears to be secreted only as part of the p70 heterodimer. 
Therefore, the production of p35 may be the rate-limiting step 
in controlling the production of biologically relevant IL-12 p70 
by monocytes and macrophages [39]. Recent studies have 
identified a unique transcriptional start site of IL-12 p35 
transcripts in monocytes relative to that observed in lymphoblas- 
toid cells [40], resulting in a different translational product in 
these cells. Thus, the regulation of biologically active IL-12 
p70 may occur not only at the transcriptional levels of both 
genes, but also post-transcriptionally due to variable associa- 
tions of the different p35 products with the p40 chain [39]. 
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Despite a dramatic increase in the transcription of the IL-12 
p40 gene, resting cells make only low levels of biologically 
active IL-12 p70 after stimulation with microbial products. 
Cells primed with IFN-7. however, secrete high levels of p70 in 
response to microbial products [38. 43]. Recently, M under and 
colleagues [44] demonstrated that murine macrophages are 
themselves capable of producing IFN-7 after stimulation with a 
combination of IL-12 and IL-18. Thus, macrophage production 
of IFN-7 has the potential to provide an autocrine mechanism of 
macrophage activation, resulting in additional IL-12 p70 
production. 

SUPPRESSION OF IL-12 BY INTRACELLULAR 
PATHOGENS 

The down-modulation of IL-12 production may be exploited by 
intracellular pathogens of macrophages as a way to escape 
cell-mediated immunity. To date, three intracellular pathogens, 
one parasite and two viruses, have been shown to suppress 
macrophage IL-12 production. The interaction of Leishmania 
spp. [45-47], measles virus [48], and HIV [49, 50] with 
macrophages and monocytes results in a marked decrease in 
IL-12 production. In all three cases, it has been postulated that 
this down-regulation of IL-12 may interfere with or delay the 
development of cell-mediated immunity to these pathogens. 

Leishmania spp. are intracellular pathogens that reside 
primarily if not exclusively within host tissue macrophages. 
Activation of macrophages by IFN-7 is required to control the 
growth of this intracellular protozoan. IL-12-driven IFN-7 has 
been shown to play a crucial role in the resolution of a 
leishmanial infection. In a murine model of leishmaniasis, 
susceptible BALB/c mice treated with rIL-12 were rendered 
resistant to L major due to an up-regulation of IFN-7 produc- 
tion and the initiation of a protective Thl-type response [22, 
23]. Animals lacking the IL-12 p40 gene [26] or animals treated 
with antibodies to IL-12 are more susceptible to infection with 
L major [27]. These studies demonstrate the importance of 
IL-12 to host defense in Leishmania infections. Despite this 
apparent importance, L major fails to elicit IL-12 biosynthesis 
from purified macrophage monolayers in vitro [51]. Recent 
studies have taken these observations further and have shown 
that the phagocytosis of Leishmania promastigotes is associated 
with an active suppression of IL-12 production by macrophages 
[45]. In these studies, the addition of Leishmania to macro- 
phages prevented IL-12 production when macrophages were 
stimulated with LPS or other stimuli. The L major promasti- 
gotes used in these experiments were opsonized with comple- 
ment and hence utilized complement receptor type 3 (CR3) as 
their principal mode of entry into macrophages [52]. We have 
compared the ability of opsonized and unopsonized parasites to 
inhibit macrophage IL-12 production in response to LPS in 
vitro. Unopsonized parasites bound poorly to macrophages and 
diminished LPS-driven IL-12 production only marginally, 
whereas parasites opsonized with complement bound avidly to 
macrophages and decreased IL-12 production to a greater 
extent (Fig. 1), confirming the original observation [45]. 
Recent studies by the same group have shown that macro- 
phages taken from Leishmania lesions produced little 
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Fig. I. Suppression of macrophage IL-12 p40 induction by L major promasti- 
gotes. Bone marrow-derived macrophages from C57BU6 mice that were either 
primed with IFN-7 (100 U/mL) for 6 h or left unprimed were stimulated with 
LPS (100 ng/mL) alone or LPS in combination with either unopsonized- {L 
major) or complement opsonized- (C-L major) L major promastigotes at an 8:1 
ratio. Unstimulated cells were cultured in parallel without LPS or promasti- 
gotes. Twenty-four hours after stimulus addition the supernatant was harvested 
and IL-12 p40 levels were determined by ELISA. Determinations were 
performed in triplicate, and values are expressed as the mean ± SD. 

detectable IL-12 if they harbored parasite antigen [46]. Taken 
together, these observations suggest that the adhesion of L 
major promastigotes or their entry into macrophages was 
required for the down-regulation of IL-12 production. Weinhe- 
ber et al. have recently demonstrated that the amastigote form 
of both L mexicana and L major are also capable of suppress- 
ing macrophage IL-12 production induced by either LPS or 
CD40 receptor ligation [47]. The finding that Leishmania spp. 
can selectively suppress IL-12 production by macrophages may 
explain the delayed induction of IL-12 that is observed in vivo 
during leishmanial infections. 

Infection with measles virus and immunization with live- 
attenuated measles vaccines have both been associated with a 
transient immunosuppression, characterized by abnormalities 
in cell-mediated immunity, diminished T cell proliferation in 
response to antigen, and the production of Th2-type cytokines 
[53]. Recent studies have shown that in vitro infection of human 
monocytes with measles virus can cause a marked defect in the 
ability of infected cells to produce IL-12 p40 and p70 [48]. 
There was some specificity to this inhibition because measles 
virus infection had little effect on the production of other 
proinflammatory cytokines such as tumor necrosis factor a 
(TNF-a) and IL-6. The inhibition of IL-12 was correlated with 
the interaction of measles virus with the monocyte receptor 
CD46 (membrane cofactor protein). Furthermore, agonistic 
antibodies to CD46 or ligands of CD46 such as C3 fragments, 
were also capable of mediating the suppression of IL-12. The 



suppression in IL-12 induction by measles virus provides a 
possible mechanism by which measles virus can induce the 
immunosuppression that has been associated with those infec- 
tions. 

Cell-mediated immune responses play an important role in 
impeding the progression of HIV infection. During the course of 
HIV disease there is a progressive loss of Thl-type immune 
responses [54]. Peripheral blood mononuclear cells (PBMC) 
from HIV-positive patients produce 10-fold less IL-12 p40 and 
5-fold less p70 heterodimer than did PBMC from healthy 
HIV-negative donors in response to Staphylococcus aureus in 
vitro [49]. The production of other proinflammatory cytokines, 
including TNF-a and IL-lp, were not affected by HIV 
infection, and the production of IL-6 was actually enhanced 
[49]. When human monocyte-derived macrophages were in- 
fected in vitro with the monocytotropic strain HIV Ba . L and 
stimulated with S. aureus 2 weeks after the initial HIV Ba . L 
infection, there was an inhibition of both p40 and p35 mRNA 
accumulation that correlated with a 12-fold decrease in IL-12 
p70 production [50]. The possibility of IL-10 hypersecretion by 
HIV-infected PBMC as a mechanism for suppression of IL-12 
remains unclear. Some studies have reported increased IL-10 
production by PBMC from HIV-positive patients [50], whereas 
others have reported no change in IL-10 production [49]. The 
mechanism by which HIV suppresses IL-12 production is not 
clearly understood. HIV can efficiently activate complement 
and can utilize complement receptors to enhance infectivity 
[55], and it has been postulated that HIV may utilize comple- 
ment opsonization as a way to suppress cell-mediated immunity 
[48]. The diminished production of IL-12 by PBMC from 
HIV-positive patients may have important implications for the 
progression of the HIV infection. In addition, the suppression of 
IL-12 production may contribute to the immunosuppression 
associated with HIV infections and lead to increased suscepti- 
bility to the opportunistic infections seen in AIDS. Gazzinelli 
and colleagues have shown that HIV infection can specifically 
suppress the production of IL-12 that normal macrophages 
make after exposure to T gondii [56]. 

In summary, a number of intracellular pathogens have been 
shown to actively suppress the production of IL-12. In all three 
of the cases described to date, the inhibition was specific to 
IL-12 and not a global defect in cytokine production. However, 
clear distinctions between the three experimental systems 
suggest the possibility of multiple mechanisms to account for 
this suppression. In the Leishmania studies, parasites and 
stimuli (LPS) were added to macrophages simultaneously. 
Measles virus was added 2 days before stimuli, and in the HIV 
studies the virus was added 2 weeks before stimuli. A 
comprehensive examination of the infection conditions that 
result in IL-12 suppression has not been undertaken. 

SUPPRESSION OF IL-12 THROUGH 
RECEPTOR LIGATION 

The ligation of phagocytic receptors on human monocytes or 
murine macrophages has recently been shown to suppress 
IL-12 production. CR3 (CDllb/CD18, Mac-1) and the Fey 
receptors are the two phagocytic receptor classes that have 
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been shown to have the clearest role in down-regulating IL-12 
in these systems [57, 58]. The ligation of either CR3 or FcyR 
with monoclonal antibodies or with particulate ligands results 
in a profound inability of monocytes or macrophages to produce 
IL-12 in response to a variety of proinflammatory stimuli, 
including LPS. S. aureus, and CD40 ligand [57. 58]. The 
suppression of IL-12 occurred even when ligands and stimuli 
were simultaneously added to macrophages, eliminating LPS 
tolerance as a possible explanation for this effect. This 
suppression was specific to IL-12 because the induction of 
other proinflammatory cytokines such as TNF-a and IL-6 were 
not affected. The receptor-mediated suppression of IL-12 was a 
direct inhibition of IL-12 transcription, and not dependent on 
novel protein synthesis or particle internalization [57]. Both the 
p40 and p35 genes were affected by receptor ligation (unpub- 
lished observations). The down-modulation of IL-12 after 
receptor ligation was independent of IL-10 production because 
the ligation of FcyR on macrophages from IL-10 gene knockout 
mice resulted in a suppression of IL-12 p40 mRNA that was 
similar in magnitude to that which occurs in wild-type macro- 
phages (Fig. 2). A similar suppression of IL-12 has been 
observed after the ligation of CD46 on monocytes with agonistic 
antibodies to CD46 or ligands of CD46 such as C3 fragments 
[48]. 

The mechanisms for the suppression of IL-12 induction by 
receptor ligation are currently being studied; however, no 
consensus has yet emerged. Candidate mechanisms include 
alterations in protein phosphorylation, increases in intracellu- 
lar cAMP, and alterations in calcium fluxes. The ligation of 
macrophage CR3 has been correlated with an inhibition of 
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Fig. 2. Fc^R ligation can suppress IL-12 induction independently of IL-10. 
Bone marrow-derived macrophages from C57BL/6 or IL-10" ; " mice were 
exposed to either LPS (100 pg/mL) alone or LPS in combination with 
IgG-opsonized erythrocytes (E-IgG). Six hours after the addition of stimuli total 
RNA was isolated and used to carry out competitive RT-PCR. The ratio of the 
intensity of competitor (top band in each reaction) to that of the wild type 
(bottom band in each reaction) for the amplification reaction was used to 
determine cDNA levels. cDNAs were resolved on a 2% ethidium-stained 
agarose gel and normalized for HPRT intensities. Normalized cDNAs were then 
amplified in the presence of decreasing concentrations of competitor (PQRS), 
using primers for IL-12 p40. The concentration of the experimental cDNA is 
represented by the equivalent intensities of competitor and wild-type bands. 
The fold decrease in IL-12 (p40) levels between macrophages exposed to LPS 
or LPS in combination with E-IgG can be determined by taking the ratio of their 
equivalence points. 



IFN-*y-mediated STAT I activation [58]. This observation is 
consistent with previous studies which have shown that IgG 
immune complexes can inhibit IFN-7-mediated STAT1 phos- 
phorylation in human monocytes [59]. We have shown a 
correlation between the inhibition of IL-12 production and 
alterations in calcium influxes [57]. Macrophages from FcR 
7-chain-deficienl mice, which were incapable of fluxing cal- 
cium after FC7R ligation, were unable to suppress IL-12 
production after Fc^R ligation. Furthermore, the down- 
regulation of IL-12 by receptor ligation could be mimicked by 
experimentally fluxing calcium into macrophages using the 
calcium ionophore. ionomycin [57]. Finally, a macrophage-like 
cell line transfected with a luciferase construct driven by the 
IL-12 p40 promoter responded not only to receptor ligation but 
also to ionomycin treatment by reducing luciferase activity 
(Fig. 3). The calcium fluxes that we observe after receptor 
ligation may mediate a direct effect on gene transcription, as 
has been observed in other systems [60], or they may exert an 
indirect effect by altering levels of other intracellular products. 
Several investigators have recently correlated a decrease in 
IL-12 production with increased intracellular cAMP [61, 62]. 
Agonists of the p 2 adrenergic receptors [61] and prostaglandin 
E 2 (PGE 2 ) [62] both inhibit IL-12 biosynthesis and both 
increase intracellular cAMP. In our initial studies, the down- 
regulation of IL-12 induced by receptor ligation was not 
affected by experimentally manipulating cAMP with either 
dibutyryl cAMP or 2\5'-dideoxyadenosine to either increase or 
decrease, respectively, intracellular cAMP. We have performed 
electrophoretic mobility shift assays to identify alterations in 
the binding of specific transcription complexes to the IL-12 p40 
promoter. The ligation of FC7R causes a dramatic decrease in 
the binding of the Fl complex to the Ets site of the IL-12 
promoter. Ligation also diminishes NF-kB binding to its site by 
approximately half (unpublished observations). Thus, despite 
the fact that receptor ligation specifically diminishes IL-12 
production, the decrease in transcription appears to be shared 
by both p40 and p35, and transcription factors, such as NF-kB, 
that are common to other cytokines may also be affected to some 
extent. Further studies on the mechanism of IL-12 suppression 
after receptor ligation, and a careful examination of the precise 
roles of protein phosphorylation, calcium alterations, and 
cAMP levels are warranted. 

We have recently described a second way in which IL-12 is 
down-modulated after phagocytic receptor ligation [63]. This 
second mechanism is distinct from the First mechanism in two 
important ways. First, it is not a direct effect on IL-12 gene 
transcription, but rather is an indirect effect dependent on the 
production of the inhibitory cytokine IL-10. Second, this effect 
is not shared by all of the phagocytic receptors, but rather is 
specific to one of the FC7R. We have shown that the ligation of 
macrophage FcyR dramatically enhances IL-10 production in 
response to low amounts of LPS. Macrophages exposed to low 
(subnanogram) levels of LPS in vitro make insignificant amounts 
of IL-10 unless their FC7R are ligated, in which case they 
produce large amounts of IL-10 (Fig. 4A). The IL-10 that is 
produced by macrophages after FcyR ligation is sufficient to 
completely inhibit the production of IL-12 p70 by macrophages 
maximally stimulated with IFN-7/LPS (Fig. 4B) [63]. This 
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Fia 3 Effect of receptor ligation on the IL-12 P 40 promoter activity in RAW264.7 cells. RAW264.7 cells stably translated with a human IL-12 p40 
Jmoter-luciferase reporter construct were stimulated with IFN-7 (1000 U/mL) + LPS (1 pg/mL) alone or IFN-7 + LPS in combination with either IgC-opson.zed 
ervthrocvtes (E-IgG) complement-opsonized ervthrocvtes (E-C3bi). or ionomycin (lono) (5 M M). Eight hours after LPS stimulat.on, cells were harvested and total 
lvsa.es prepared, and luciferase activity was assayed. Erythrocytes were added at a 20:1 ratio. Determinations were performed in triplicate and values are expressed 

as the mean ± SD. 



observation is consistent with the recent report of Berger et al., 
who have shown that adding immune complexes to stimulated 
macrophages results in a decrease in IL-12 production and an 
increase in IL-10 [64]. Using macrophages from gene knockout 
mice, we have tentatively identified the FC7RI as the FcvR 
subtype responsible for the up-regulation of IL-10 production 
[63]. The stimulation of IL-10 production by specifically 
ligating the FcvRI with IgG3-opsonized erythrocytes [65] is 
consistent with the Fc7RI-promoting macrophage IL-10 produc- 
tion (data not shown). / 

These observations implicate the FC7RL as an anti- 
inflammatory receptor by virtue of its ability to induce IL-10 
production. Using transgenic mice, Heijnen et al. have shown 
that Fc^RI is specifically up-regulated on inflammatory macro- 
phages [66]. The observation that FcvRI ligation leads to IL-10 
production would predict that targeting proinflammatory mol- 
ecules to the FC7RI on macrophages will result in a decreased 
inflammatory response, characterized by diminished IL-12 and 
increased IL-10. This is exactly what we observed when we 
compared the cytokine response to LPS with IgG-opsonized 
LPS. IgG-opsonized LPS induces more IL-10 than LPS, but it 
induces very little IL-12 [63]. The observation that FC7RI 
co-ligation can increase IL-10 production is consistent with 
several previously published observations. Immune complexes 
have been shown to inhibit the in vivo clearance of L 
monocytogenes via an IL-10-dependent mechanism [67]. The in 
vitro inhibition of macrophage tumoricidal and cytotoxic activ- 
ity [68, 69] by immune complexes may be due to alterations in 
cytokine production after FC7R ligation. 

These studies demonstrate that ligation of phagocytic recep- 
tors on monocytes and macrophages can down-modulate IL-12 
production. These results would not have been predicted from 
the work of several groups, which demonstrates that a number 
of different microorganisms, including Cryptococcus [70], Histo- 
plasma [71], and Mycobacterium [24], all induce IL-12 after 
their interaction with macrophages. Each of these organisms is 
taken up by receptor-mediated phagocytosis, and in all three 
cases, the complement receptors have been implicated in this 
process. How, then, can these organisms induce IL-12 produc- 
tion in the face of the strong -inhibitory influences that have 



been observed by several laboratories after receptor ligation 
with defined particles? The complete answer to this paradox is 
not yet available, but several possible explanations exist. The 
first is that in addition to the inhibitory receptors discussed in 
this section, such as the phagocytic receptors, there are also 
IL-12 stimulatory receptors. Several of these stimulatory recep- 
tors have already been identified. CD40-CD40L interactions, 
CD14-LPS interactions, and the binding of hyaluronic acid to 
CD44 have all been shown to induce IL-12 [4, 13, 14]. The 
ligation of multiple IL-12-stimulatory receptors by microbes 
may render macrophages more resistant to IL-12 down- 
modulation after phagocytic receptor ligation. Another possible 
explanation lies in the potential heterogeneity of the IL-12- 
secreting cells. Mature macrophages, for example, exhibit 
quantitative differences in phagocytic receptor expression, and 
may therefore regulate IL-12 differently than do immature 
cells. Similarly, dendritic cells may be a primary source of 
IL-12 that is not as susceptible to down-regulation by phago- 
cytic receptor ligation. All of these possible explanations will 
require further study before this apparent paradox can be 
explained. 



PHARMACOLOGICAL METHODS 
TO DECREASE IL-12 PRODUCTION 

Several compounds have been described that can inhibit IL-12 
production when added to macrophages. These compounds 
include endogenous molecules made by macrophages them- 
selves or a number of pharmacological compounds that are 
being tested as potential anti- inflammatory reagents. The three 
most well-described endogenous inhibitors of IL-12 biosynthe- 
sis are IL-10, transforming growth factor (3 (TGF-0), and PGE 2 . 
These molecules are often made in response to the same stimuli 
that induce IL-12. All three of these compounds inhibit IL-12 
production when added to macrophages before or simultaneous 
with proinflammatory stimuli. The inhibition by all three 
compounds occurs primarily at the level of transcription, and 
both the IL-12 p40 and p35 subunits appear to be affected. 
The inhibitory effect of PGE 2 on IL-12 biosynthesis occurs 
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Fig. 4. LPS-induced IL-10 production is enhanced after FcyR ligation and is 
capable of suppressing IL-12 induction. (A) Bone marrow-derived macrophages 
were exposed to either LPS alone, at the concentrations indicated, or LPS in 
combination with IgG-opsonized erythrocytes (E-IgG). After 24 h, the superna- 
tant was harvested and IL-10 levels were determined by ELISA. Determina- 
tions were performed in triplicate, and values are expressed as the mean ± SD. 
(B) Supernatants from bone marrow-derived macrophages exposed to either 
LPS (0.5 ng/mL) or LPS (0.5 ng/mL) in combination with E-IgG were harvested 
after 24 h and filtered through a 0.2-um filter. These supernatants were diluted 
1:3 with medium and added to bone marrow-derived macrophages that had 
been primed with IFN-7 (100 U/mL) for 10 h, and then immediately treated 
with LPS (50 ng/mL). Parallel monolayers of macrophages were either left 
untreated (medium) or IFN-7 primed and then treated with LPS (CTRL). After 
24 h. the supernatant was harvested and IL-12 p70 levels were determined by 
ELISA. Determinations were performed in triplicate, and values are expressed 
as the mean ± SD. 



by both direct and indirect mechanisms. The inhibition of IL-12 
production by PGE 2 [62] correlates with the ability of PGE 2 to 
increase intracellular cAMR The increase in intracellular 
cAMP induced by PGE 2 increases the production of IL-10, 
which inhibits IL-12 production. However, the inhibitory effect 
of PGE 2 is not dependent on IL-10 because neutralizing 



anti-IL-10 antibodies did not abrogate the inhibitory effect of 
PGE 2 [62], The inverse correlation between intracellular cAMP 
and IL-12 production has also been established with agonists of 
the p 2 adrenergic receptors. These compounds are potent 
inhibitors of IL-12 [61]. This inhibition occurred at the level of 
transcription of both p35 and p40, and did not require protein 
synthesis. The decrease in IL-12 transcription by (3 2 adrenergic 
agonists could be mimicked by pharmacological inducers of 
cAMP. It is important to note that the addition of (3 2 adrenergic 
agonists to antigen-presenting cells could inhibit a Type 1 
immune response by inhibiting the production of IL-12 [61]. 
1,25-Dihydroxyvitamin D 3 is another naturally occurring com- 
pound that is able to inhibit IL-12 production when added to 
macrophages [72]. This inhibition affects both p35 and p40 and 
occurs at the level of gene transcription [72]. The inhibition of 
IL-12 biosynthesis by 1,25-dihydroxyvitamin D 3 is dependent 
on the presence of nuclear vitamin D3 receptors and retinoid X 
receptors. Using gel shift analysis, a role for the NF-kB half site 
of the IL-12 p40 promoter has been established in this 
inhibition. The corticosteroid dexamethasone has also been 
shown to be capable of suppressing IL-12 production by human 
monocytes [73, 74]. Dexamethasone-mediated suppression of 
IL-12 occurs at the mRNA level for both the p40 and p35 genes 
[74]. Dexamethasone has also been shown to enhance IL-10 
production by monocyte [73, 74]. Dexamethasone was still 
capable of inhibiting IL-12 production even in the presence of 
neutralizing anti-IL-10 antibodies, suggesting that dexametha- 
sone does not rely on IL-10 production to suppress IL-12 [74]. 
Type I IFNs (IFN-a and -|3) have been implicated in the 
inhibition of IL-12 during viral infections. IFN-ot/p inhibited 
the in vitro production of IL-12 by both murine splenic 
leukocytes and by human dendritic cells [75, 76]. This 
inhibition was specific because the production of other proin- 
flammatory cytokines, including TNF-a and IL-6, were not 
inhibited by IFN-a [75]. The IFN-a/(B-mediated suppression of 
dendritic cell IL-12 production was correlated with an inhibi- 
tion of Thl development [76]. 

There are a number of divergent exogenous compounds that 
can also regulate IL-12 production. Pentoxifylline, intravenous 
immune globulin (IVIG), and thalidomide are examples of 
compounds that may have utility as anti- inflammatory therapeu- 
tics by virtue of their ability to inhibit IL-12 production. 
Pentoxifylline is a methylxanthine derivative that has been 
shown to have immunomodulatory activity. It is being used to 
treat immune-mediated disorders, such as rheumatoid arthritis 
and multiple sclerosis [77, 78]. The mechanism of action of 
pentoxifylline is not fully understood but recent in vitro studies 
have shown that the addition of pentoxifylline to monocytes can 
decrease IL-12 p40 and p35 mRNA production in response to 
inflammatory stimuli [79]. Pentoxifylline also increased the 
production of IL-10 and PGE 2 , but the induction of these 
inhibitory compounds was not required for the inhibition of 
IL-12 by pentoxifylline. Similar to that of pentoxifylline, the 
immunosuppressive activity of thalidomide has been at least 
partially attributed to its ability to inhibit IL-12 [80]. Unlike 
that of pentoxifylline, however, the inhibition of IL-12 by 
thalidomide appeared to occur by posttranscriptional mecha- 
nisms. The inhibition of IL-12 by thalidomide might explain its 
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Fig. 5. Schematic representation of positive and nega- 
tive regulators of macrophage IL-12 production. 



potential utility in treating a number of autoimmune disorders. 
[V1G is another compound that is being used with increasing 
frequency as a nonspecific anti-inflammatory compound to 
treat autoimmune and systemic inflammatory disorders, includ- 
ing Kawasaki disease and idiopathic thrombocytopenic purpura 
[81]. We have recently treated murine macrophages in vitro with 
high doses of IVIG. These macrophages exhibit a marked 
decrease in IL-12 production with a coordinate increase in 
IL-10 (unpublished observations). This reciprocal alteration in 
cytokine production may be dependent on FC7R ligation. Our 
observations that IVIG can alter cytokine levels confirm 
previous observations by others [82]. 

In summary, several inhibitors of IL-12 production have 
recently been identified. These inhibitors range from receptor 
ligands to pharmacological compounds. Many of these inhibi- 
tory compounds share the following characteristics. Their 
inhibition is relatively specific to IL-12, and in many cases, p40 
and p35 are coordinately affected. Protein synthesis is gener- 
ally not required for the down-modulation but additional 
mechanisms that depend on the synthesis of inhibitory com- 
pounds, such as IL-10, can exert additive or synergistically 
inhibitory effects. In several instances a correlation between 
either calcium fluxes or cAMP have been observed, but in none 
of these examples thus far has cause and effect been defini- 
tively established. Additional studies on the induction of IL-12 
will be required before studies to unravel its down-regulation 
will be possible. 



tial to deviate the immune response away from a Thl-type 
immune response. The ligation of phagocytic receptors on 
antigen-presenting cells by antigen can exert a similar effect by 
directly down-regulating IL-12. Targeting antigen to the Fc^ 
receptors should be particularly effective in this respect 
because ligation of this receptor not only prevents IL-12 
production but it also induces the production of IL-10 by 
inflammatory macrophages. The production of IL-10 in the 
presence of little or no IL-12 should predispose antigen- 
reactive T cells to mount a Th2-type immune response. The 
implication from these observations is that targeting antigen to 
different receptors on antigen-presenting cells can result in a 
fundamentally different immune response to that antigen. 
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SUMMARY 

The production of IL-12 by antigen-presenting cells has 
enormous potential to influence the ensuing immune response. 
IL-12 elicits the production of IFN-7 from T cells and can skew 
the immune response toward a Thl response (Fig. 5). By 
regulating the production of IL-12, this deviation toward a 
Thl-type immune response can be averted. The addition of 
exogenous pharmacological regulators of IL-12 have the poten- 
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Abstract 

The process of ligand binding leading to receptor 
activation is an ordered and sequential one. High- 
affinity binding of GM-CSF, interleukin 3 (IL-3), and 
IL-5 to their receptors induces a number of key events 
at the cell surface and within the cytoplasm that are 
necessary for receptor activation. These include 
receptor oligomerization, activation of tyrosine kinase 
activity, phosphorylation of the receptor, and the 
recruitment of SH2 (src-homology) and PTB (phos- 
photyrosine binding) domain proteins to the receptor. 
Such a sequence of events represents a recurrent 
theme among cytokine, growth factor, and hormone 
receptors; however, a number of very recent and inter- 
esting findings have identified unique features in this 



receptor system in terms of: A) how GM-CSF/IL-3/IL- 
5 bind, oligomerize, and activate their cognate recep- 
tors; B) how multiple biological responses such as 
proliferation, survival, and differentiation can be 
transduced from activated GM-CSF, IL-3, or IL-5 
receptors, and C) how the presence of novel phospho- 
tyrosine-independent signaling motifs within a specific 
cytoplasmic domain of p c may be important for medi- 
ating survival and differentiation by these cytokines. 
This review does not attempt to be all-encompassing 
but rather to focus on the most recent and significant 
discoveries that distinguish the GM-CSF/IL-3/IL-5 
receptor subfamily from other cytokine receptors. 
Stem Cells 1998;16:301-313 



Introduction 

The ability of multicellular organisms to coordinate cell 
proliferation, survival, and differentiation as well as a vari- 
ety of other specialized cell functions is absolutely depen- 
dent on the capacity of different cell types to communicate. 
Among the vast numbers of different cells within the body, 
nature has designed an elegant solution to achieving cell- 
cell communication that does not require cell-cell contact 
through the production of cytokines and growth factors, A 
cytokine/growth factor has the capacity to relay informa- 
tion from a producer cell to a second responding cell 
located either in close proximity or at other sites in the body 
by virtue of binding to specific receptors on the surface of 
the cell. This in turn triggers a biochemical cascade inside 
the cell leading to varied biological responses such as 
motility, adhesion, growth, survival, and differentiation. 



Central to an organism's need to meet hemopoietic 
demands and to mount an immune/inflammatory response is 
its ability to stimulate specific blood cell populations. GM- 
CSF, interleukin 3 (IL-3), and IL-5 are cytokines principally 
produced by activated T cells which exhibit pieiotropic activ- 
ities, stimulating proliferation, survival, and differentiation of 
myeloid hemopoietic cells and the effector function of the ter- 
minally differentiated myeloid cells [1,2]. GM-CSF receptors 
have been identified on most types of myeloid progenitors 
and on mature monocytes, neutrophils, eosinophils, 
basophils, and dendritic cells [2]. IL-3 receptors are present 
on early hemopoietic progenitor cells, on certain committed 
myeloid progenitors, eosinophils, and basophils, while IL-5 
receptors have been shown to be expressed mainly on 
eosinophils [2], Consistent with the pattern of receptor 
expression, GM-CSF and IL-3 can stimulate immature 
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myelomonocytic cells in the hemopoietic system and cause 
differentiation of the granulocyte and macrophage populations 
[2]. In addition, GM-CSF and IL-3 are important for inducing 
the effector functions of these cells and hence contribute to the 
body's defense against microbial pathogens [1, 2]. IL-5 can 
chiefly stimulate production, survival, and granule release of 
eosinophils and participate in allergic reactions and anti-para- 
site responses [1, 2]. Experiments aimed at investigating the in 
vivo function of GM-CSF, IL-3, and IL-5 using a gene knock- 
out approach would suggest that these cytokines are not essen- 
tial in maintaining "steady-state" populations of granulocytes, 
macrophages, and eosinophils, but instead are central for the 
accelerated production of these cells in inflammation and 
infection. As such, they may be considered more as "reactive" 
cytokines required in emergency situations. 

Apart from its proposed role in stimulated hemopoiesis 
and inflammatory responses, GM-CSF has also been impli- 
cated in cell transformation. The GM-CSF receptor has 
been identified in different types of cancer cells, including 
those of acute myeloid leukemia, chronic myeloid leukemia, 
juvenile myelomonocytic leukemia, melanoma, certain 
breast cancer cell lines, small-cell lung carcinoma, and the 
prostate [3, 4]. In all of these cells (with the apparent excep- 
tion of some melanoma cell lines), both subunits of the GM- 
CSF receptor have been detected, suggesting that the 
receptor is capable of fully transducing GM-CSF signals and 
hence contributing to proliferative and/or survival functions. 

The receptors for GM-CSF, IL-3, and IL-5 consist of 
a ligand-specific a subunit (GMRa, IL-3Ra, and IL-5Ra 
respectively) [5-7] and a common P subunit (P c ) [8]. The 
a subunit is the major ligand-binding subunit and on its 
own does not seem to transduce any of the biological 
activities ascribed to GM-CSF, IL-3 and IL-5 in hemopoi- 
etic cells [9, 10]. The p c subunit, on the other hand, con- 
verts the ligand-bound a subunit to a high affinity state 
and is important for most, if not all, of the signaling [7, 8, 
11]. Curiously, there are two p subunits in mice; a p c 
which can be activated by GM-CSF/IL-3/IL-5, and the IL- 
3-specific P subunit, p iL . 3f which binds IL-3 with low 
affinity and only forms a high-affinity receptor with IL- 
3Rot [12, 13]. In terms of cross-reactivity, human GM- 
CSF does not bind to mouse GM-CSF receptors 
detectably; however, crosstalk between human and mouse 
receptors has been observed. FDCP1 cells that express 
endogenous mouse GM-CSF receptors and which are 
transfected with the human GMRa exhibit crosstalk 
between the receptor species [14]. This trans-species 
crosstalk phenomenon should be borne in mind for inter- 
preting results, as proliferative and survival signals appar- 
ently mediated by human receptors may be confounded by 
the presence of endogenous mouse receptors. 



Activation of the GM-CSF Family of 
Receptors: The Extracellular Story 

GM-CSF, IL-3, and IL-5 Receptor Extracellular Structure 

The specific receptor a subunits for GM-CSF, IL-3 and 
IL-5 as well as p c are members of the type I cytokine receptor 
superfamily and contain conserved extracellular domains 
termed cytokine receptor modules (CRMs) [15]. Each CRM 
consists of two repeats of a fibronectin type Ill-like domain. 
These repeats carry two sets of conserved motifs typical of this 
family of receptors. The first repeat contains four cysteines 
with conserved spacing, while the second repeat contains a 
WSXWS motif. The homology between (3 C and the growth 
hormone (GH) receptor has allowed the extracellular structure 
of p c to be modeled from the crystal structure of the GH recep- 
tor [16, 17]. This model predicts that the four spatially con- 
served cysteines within the CRM of p c will form disulfide 
bonds and are important for maintaining the structural integrity 
of Pc. In terms of the WSXWS motif, mutagenesis of this 
sequence in a number of cytokine receptors has been shown to 
disrupt cytokine binding and receptor activation. However, 
from the crystal structure of GH bound to the GH receptor, 
the WSXWS-equivalent motif does not appear to be directly 
involved in ligand binding [17]. Mutagenesis studies in both 
the GH receptor and the erythropoietin (EPO) receptor suggest 
that the WSXWS motif is important for correct folding of the 
extracellular domain of cytokine receptors [18, 19]. 

High-Affinity Binding 

Reconstitution studies where both the GMRa or p c are 
expressed at the cell surface indicate that GM-CSF first binds 
to GMRa with low affinity (Kj -5 x 10" 9 M) and that this 
complex is converted to high affinity following recruitment of 
Pc (IQ ~10- U M) [7, 8, 1 1]. Such an observation would imply 
that GM-CSF would have at least two binding interfaces, one 
that first binds GMRa and one that subsequently recruits and 
binds p c to form a 1:1:1 complex of GM-CSF:GMRa:p c . A 
model for such an interaction in illustrated in Figure 1 . Since 
GM-CSF cannot detectably bind p c directly in the absence of 
GMRa, it would also seem likely that there are domains 
within GMRa that cooperate with GM-CSF in binding p c 
(Fig. 1). Mutagenesis of GM-CSF, GMRa, and p c indicate 
that, in fact, there are likely to be two binding interfaces on 
GM-CSF important for the formation of a 1 : 1 : 1 complex. For 
low-affinity binding, residues centered on the fourth a helix 
of GM-CSF involving Aspl 12 are likely to be important for 
establishing an ionic interaction, possibly through Arg280 of 
GMRa [20, 21]. On the second binding interface, a single 
conserved glutamate residue located in the first a helix of 
GM-CSF, IL-3 and IL-5 is essential for high-affinity binding 
[22-24], Mutants of this residue in GM-CSF (E21R) [23], IL-3 
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Figure I Model for the activation of the GM-CSF, or 
IL-5 receptor. The extracellular portion of f} c contains domains 
1 to 4 (from the N-terminus) which are illustrated as rounded 
oblongs. The a-subunit contains three domains. Receptor acti- 
vation is thought to occur by a stepwise process. GM-CSF, IL- 
3, and IL-5 (L) first bind the a-subunit with low affinity and 
this complex is converted to high affinity following recruit- 
ment of p c to form a 1:1:1 complex of ligand: a: p c . 
Dimerization of this complex, possibly through disulfide bind- 
ing (shown as solid lines), forms a 2:2:2 complex that allows 
JAK2 activation and signaling. 



(E22R) [22], or IL-5 (E13Q) [24] abolish high-affinity binding 
and result in either functional antagonism (GM-CSF:E21R 
and IL-5:E13Q) or weak agonism (IL-3:E22R). On the other 
hand, substitution with a neutral amino acid at this position 
such as alanine (GM-CSF-E21A) resulted in weak agonism, 
indicating that a GM-CSF/GMRot complex may recruit p c 
through a charge interaction involving Glu21 of GM-CSF 
and a positively charged amino acid on p c [23]. The close 
association of ligand and p c is also supported by the finding 
that GM-CSF can be cross-linked to (5 C following receptor 
activation [8]. 

Identification of the residues in (3 C that interact with the 
conserved glutamate of GM-CSF, IL-3, and IL-5 has been dif- 
ficult, although there is evidence that amino acids in the mem- 
brane proximal domain 4 region of p c are important (Fig. 1). 
Antibodies that bind this domain block high-affinity binding of 
GM-CSF (unpublished data). Moreover, mutagenesis of p c 
indicates that residues Tyr365, His367 and Ile368 within 
domain 4 are important for GM-CSF and IL-5 high-affin- 
ity binding whereas Tyr421 is required for GM-CSF, IL-5, 
and IL-3 high-affinity binding [25-27]. However, identifi- 
cation of the precise amino acids within p c that interact 
with the conserved glutamate of GM-CSF/IL-3/IL-5 awaits 
the crystallization of the ligand/receptor complex. 

Receptor Dimerization and Activation 

While type I transmembrane receptors vary consider- 
ably in terms of their structure, subunit composition, and 
the nature of ligand binding, it has been repeatedly shown 
that receptor dimerization is an obligatory event in receptor 
activation [28]. The GM-CSF/IL-3/IL-5 receptors are no 
exception to this general rule. However, while the forma- 
tion of a 1:1:1 complex of GM-CSF:GMRa:p c may repre- 
sent a high-affinity binding complex, it is much less clear 
what the stoichiometry of the active receptor complex is. 
Studies using dominant-negative, chimeric, and mutant 
receptors as well as modeling studies would indicate that at 
least two p c subunits are required for receptor activation 
and signaling and that the active GM-CSF receptor is com- 
posed of a 2:2:2 complex of GM-CSF:GMRa:p c . A 
chimeric receptor consisting of an EPO receptor extracellu- 
lar domain, which is known to dimerize in response to EPO, 
and a p c cytoplasmic domain were examined for their abil- 
ity to confer growth signals in response to EPO. Expression 
of these receptors in Ba/F3 cells resulted in EPO-dependent 
growth, indicating that p c cytoplasmic-domain dimeriza- 
tion is sufficient for signaling [29]. In addition, GM-CSF 
was able to support the growth of cells coexpressing wild- 
type p c and a chimeric receptor consisting of the GMRa 
extracellular domain and the p c intracellular domain, fur- 
ther supporting the idea that dimerization of p c intracellular 
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domains is sufficient for receptor activation [10]. In a reverse 
experiment, GM-CSF was not able to support cell growth in 
cells coexpressing wild-type GMRa and a chimeric receptor 
consisting of the extracellular domain of p c and the cyto- 
plasmic domain of GMRa suggesting that dimerization of p c 
but not a chains is sufficient for receptor activation [10]. 
Two a chains nevertheless appear to be necessary for the for- 
mation of an active complex. Coexpression of a cytoplasmi- 
cally truncated form of GMRa with wild-type GMRa and p c 
in NIH 3T3 cells impairs cell proliferation and focus forma- 
tion in response to GM-CSF [30]. 

Other studies have used chimeric receptors consisting of 
either the Fos or Jun leucine zippers in the extracellular 
domains and either the GMRa or p c intracellular domains 
to investigate the stoichiometry of the active receptor. 
Heterodimerization of GMRa and p c intracellular domains 
or homodimerization of ($ c intracellular domains mediated 
by leucine zipper dimerization both promoted cytokine- 
independent growth in Ba/F3 cells [31]. While the ability of 
leucine zipper-mediated p c intracellular homodimers to pro- 
mote cell proliferation is in line with the above experiments 
examining the role of dimerization in receptor activation, the 
finding that leucine zipper-mediated heterodimerization of 
GMRa and p c intracellular domains supported cell growth 
would imply that a 1:1:1 complex of GM-CSF:GMRa:p c 
would also be capable of signaling. However, it is difficult 
to exclude the possibility in these experiments that, in addi- 
tion to heterodimerization of GMRa and p c intracellular 
domains, homodimers of p c intracellular domains were also 
formed or that the endogenous mouse P is recruited into 
these complexes. 

Overall, these data together with modeling studies, sug- 
gest a model in which the active receptor complex is formed 
following the dimerization of two 1:1:1 high-affinity com- 
plexes of GM-CSF:GMRa:P c to form an activated receptor 
composed of a 2:2:2 complex (Fig. 1). In its simplest form, 
this model proposes that the active receptor complex would 
contain two p c subunits; however, higher-order oligomeric 
complexes may also form functionally activated receptors. 

A critical event in the production of an active receptor 
complex is not only its initial formation but also its subse- 
quent stability. In the case of the GM-CSF/IL-3/IL-5 recep- 
tors, stability is likely to be promoted by a number of factors. 
First, there are likely to be domains within the 1:1:1 complex 
of GM-CSF:GMRa:p c that are responsible for the recruit- 
ment and binding of a second 1:1:1 complex. In a model sim- 
ilar to that proposed by Stahl and Yancopolous for IL-6 
binding, GM-CSF may have three binding interfaces: one that 
interacts with GMRa, one that interacts with p c (as discussed 
above and shown in Fig. 1), and one that interacts with and 
recruits a second high-affinity GM-CSF:GMRa:P c complex 



[32]. While this possibility remains to be tested, molecular 
modeling of the GM-CSF: GMRa: p c complex using the crys- 
tal structure of GH bound to the GH receptor would suggest 
that an alternative mechanism for receptor dimerization may 
be at work [16, 17]. In terms of size, GM-CSF, IL-3, and IL-5 
are smaller than the IL-6 family of cytokines. It would seem 
unlikely from these models that the smaller size of GM-CSF, 
IL-3, and IL-5 would permit a third binding interface for the 
recruitment of a second ligand:Ra:P c complex as is proposed 
to occur for IL-6 [32], Alternatively, we propose that high- 
affinity binding of GM-CSF, IL-3, or IL-5 and the formation 
of a ligand:Ra:p c complex may create specific motifs or 
expose specific residues that mediate dimerization and the 
formation of a 2:2:2 complex of ligand:Ra:(5 c . This is based 
on our observation that p c contains, apart from the spatially 
conserved cysteines of the CRM, two additional cysteine 
residues, C86 and C91, that are conserved between mouse 
and human p c and which are involved in the formation of a 
disulfide linkage with cysteines in the a subunit [33], IL-3 
stimulation of COS cells expressing IL-3Ra and either 
p c C86A or p c C91A resulted in high-affinity binding but no 
Pc tyrosine phosphorylation. While IL-3Ra/(3 c disulfide- 
linked dimers are normally observed following ligand stimu- 
lation, these dimers were not detected following stimulation 
of cells expressing either p c C86A or p c C91 A [33]. As pro- 
posed by Stomski et al [33] and illustrated in Figure 1, these 
disulfide linkages most likely occur between two different 
ligand:Ra:P c complexes and thus may be responsible for 
the dimerization and stability of an active 2:2:2 complex. 

The conserved motif represented by Cys 86 and Cys 9 1 in 
human and mouse p c is not found in related cytokine receptors 
and suggests an evolutionary conserved structural and func- 
tional basis for activation of the GM-CSF, IL-3, and IL-5 
receptors. A second unique feature of this receptor subfamily 
is the demonstration that, in the case of the GM-CSF receptor, 
a proportion of these receptors are preassembled (before the 
addition of GM-CSF). We and others have shown that muta- 
tions of GMRa that abolish GM-CSF binding are compen- 
sated for when coexpressed with Pc [21, 34]. As p c is unable 
to detectably bind GM-CSF in the absence of GMRa, this sug- 
gests that p c is pre-associated with GMRa prior to the addition 
of GM-CSF. We have now established that a proportion of 
GM-CSF receptors are preassociated by showing that GMRa 
and p c can be coimmunoprecipitated in the absence of GM- 
CSF from primary leukemic cells and myeloid cell lines, and 
in GM-CSF receptor transfected cells [35]. This is in direct 
contrast to the IL-3 and IL-5 receptors in which the a subunit 
and p c associate only in the presence of IL-3 or IL-5, respec- 
tively [35], The preformed GMRa:P c complex may be 
responsible for the rapid association of GM-CSF to monocytes 
and eosinophils relative to IL-3 and IL-5. The kinetics of 
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association for GM-CSF binding to eosinophils and mono- 
cytes corresponds to two classes of receptors, a relatively slow 
one with association characteristics identical to those of IL-3 
and IL-5, presumably representing ligand-induced recep- 
tors, and a second class which exhibits virtually instanta- 
neous GM-CSF binding and possibly represents preformed 
receptors [35]. 

Interestingly, the preformed GMRct/p c complex may be 
activated not only by GM-CSF but also by IL-3 or IL-5 [35]. 
The significance of this is unclear; however, it may provide a 
mechanism for regulating or increasing the diversity of 
cytokine signaling. As has been proposed in other receptor sys- 
tems, heterodimerization of different members of a cytokine 
receptor family may allow the recruitment of different signal- 
\ ing molecules. For example, several members of the epidermal 
growth factor (EGF) receptor family, such as Neu, ErbB3 and 
the EGF receptor itself, have shown the potential to het- 
erodimerize in response to EGF or a related ligand, heregulin 
[36], In fact, the ability of EGF to generate diversity in sig- 
naling through heterodimerization of receptors has been 
demonstrated with respect to phosphatidylinositol 3 -kinase 
(PI 3-kinase). Although EGF is known to activate PI 3-kinase 
activity in some cells, the EGF receptor does not appear to 
contain a motif for the recruitment of PI 3-kinase. However, 
ErbB3 contains a PI 3-kinase binding motif. EGF binding to 
the EGF receptor results in the recruitment and activation 
of ErbB3 which in turn allows PI 3-kinase activation [37]. 
Clearly, crosstalk between different receptors has the poten- 
tial to increase the signaling repertoire for a receptor family 
and may account for some of the diverse biological functions 
attributed to GM-CSF, IL-3, and IL-5. 

A preformed GM-CSF receptor complex and the indi- 
rect recruitment of p c may also have implications pertinent 
to the cytokine receptor family at large, since they may 
explain crosstalk by other cytokine receptors and the uni- 
versal expression of the GM-CSF receptor in the hemopoi- 
etic system. In murine cells, tyrosine phosphorylation of 
mouse p c chains has been demonstrated in response to G- 
CSF [38] and EPO. Similarly, stem cell factor stimulation 
has been shown to result in cross-phosphorylation of mouse 
p chains on serine or threonine [39]. In the human system, 
EPO stimulation has been shown to unidirectionally cross- 
phosphorylate p c in UT7 cells [40]. More recently, throm- 
bopoietin has also been demonstrated to unidirectionally 
cross-phosphorylate p c in TF-1 cells. The significance of 
these crosstalk phenomena is not understood, but the unidi- 
rectionality suggests that p c phosphorylation may con- 
tribute to the signaling of cytokines other than GM-CSF, 
IL-3 and IL-5. Together with the possible involvement of 
the preformed GM-CSF receptor complex, these observa- 
tions of receptor crosstalk suggest that (3 C may have a role 



in cytokine receptor signaling, perhaps facilitating certain 
universal and essential functions such as cellular survival. 

Activation of the GM-CSF Family of 
Receptors: The Intracellular Story 

Perhaps the single most striking feature of how 
cytokines/growth factors stimulate such a diverse range of 
cellular responses is their comparative redundancy in signal- 
ing rather than their specificity. It is becoming increasingly 
apparent that an extremely broad range of cytokines/growth 
factors induce a biological response by a common mecha- 
nism of receptor dimerization and that activated receptors 
appear to signal through a very limited number of pathways 
[28, 41]. The picture of how GM-CSF, IL-3, and IL-5 stim- 
ulate cells and the nature of the pathways involved is far from 
complete; however, these cytokines are known to activate at 
least three pathways: the JAK/STAT pathway, the ras/MAP 
kinase pathway, and the PI 3-kinase pathway (Fig. 2). These 
pathways should not be viewed as being mutually exclusive 
and may have substantial overlap. 

The JAK/STAT Pathway 

Although p c lacks intrinsic kinase activity, GM-CSF, 
IL-3, and IL-5 have been shown to induce tyrosine phospho- 
rylation of p c as well as an ever-increasing number of cyto- 
plasmic proteins including: A) kinases, such as PI 3-kinase 
[42]; B) adaptors, such as Grb2 [43], the insulin receptor sub- 
strate-2 (IRS-2) [44], Cbl [45, 46], and SHC [47, 48]; C) gua- 
nine nucleotide exchange factors, such as Vav [46, 47, 49]; D) 
phosphatases, such as SH2-domain protein tyrosine phos- 
phatase^ ([SHPTP2]; also known as SH2-containing phos- 
phatase^ or SHP2) [42, 43, 47, 50], and SH2-containing 
inositol phosphatase (SHIP) [51], and E) transcription factors, 
such as STAT5 [50, 52]. This phosphorylation is mediated by 
receptor-associated kinases such as JAK2 [53] and sre-family 
kinases [54], of which JAK2 is better studied and likely to be 
the most important. The membrane proximal region of p c 
contains a conserved proline-rich motif termed "box 1" and 
serves as a binding site for JAK2 [53]. Following ligand bind- 
ing and receptor oligomerization, activation of JAK2 kinase 
activity occurs, most likely due to JAK2 transphosphorylation 
[53]. JAK2 phosphorylation of p c and other cytoplasmic sig- 
naling proteins is likely to be important in transmitting signals 
from the cell surface to the nucleus (Fig. 2). The cytoplasmic 
domain of p c contains eight tyrosines, six of which are 
conserved between the mouse and human receptors (Fig. 2: 
Tyr577, Tyr612, Tyr695, Tyr750, Tyr806, and Tyr866). 

Following receptor activation and phosphorylation by 
either JAK2 or other tyrosine kinases, phosphotyrosine 
residues within the cytoplasmic domain of p c could function 
as high-affinity binding sites for SH2 (src-homology) or 
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Figure 2. Model showing the 
signaling pathways stimulated 
by GM-CSF, IL-3, orlLrS. Recep- 
tor dimerization and activation 
result in the initiation of a num- 
ber of signaling cascades which 
include: A) JAK/STAT pathway 
and B) the ras/MAP kinase path- 
way, and the PI 3-kinase path- 
way. Phosphorylation of tyrosines 
on P c (P) allows recruitment and 
subsequent activation of a variety 
ofSH2 and PTB domain proteins. 

PTB (phosphotyrosine bind- 
ing) domain proteins [55]. 
Recruitment of SH2 or PTB 
domain proteins to the p c 
would then serve to couple 
the activated receptor to 
downstream signaling path- 
ways [55] (Fig. 2). One such 
example is the signal trans- 
ducer and activator of tran- 
scription molecule, STAT5. The STAT proteins were 
originally identified as latent cytoplasmic transcription factors 
that were activated by JAK proteins in interferon signaling 
[56]. Although not formally demonstrated for p c , STAT 
proteins have been shown to be recruited to tyrosine phos- 
phorylated cytokine receptors via their SH2 domains. 
Phosphorylation of STAT5 by JAK2 would then result in 
STAT5 activation, dimerization, and translocation to the 
nucleus, where it is directly involved in regulating gene tran- 
scription [50, 52]. There appears to be a high level of redun- 
dancy in terms of which p c tyrosines are important for STAT5 
activation, and all six conserved cytoplasmic tyrosines can 
mediate STAT5 activation, although to varying extents [43] 
(Fig. 2). Using dominant-negative STAT5 to abolish STAT5 
activity, the JAK/STAT pathway has been shown to be 
important in the regulation of several GM-CSF-inducible 
genes, including pim-1, oncostatin M, and Id-1 [57]. 

Although the functional significance of the induction of 
these genes is unclear, the JAK/STAT pathway is also impor- 
tant for the induction of cytokine-inducible SH2-containing 
protein (CIS) [57-59] and the related suppressor of cytokine 
signaling proteins (SOCS) [60]. These proteins have recently 
been identified as being involved in a negative feedback 
pathway which downregulates JAK2 activity following 
receptor activation [59, 60]. While JAK2 activation has also 
been found to be essential for c-myc induction, dominant- 
negative STAT5 did not inhibit this induction, indicating 
that JAK2 may activate additional, as yet uncharacterized, 
pathways (Fig. 2). 



The ras/MAP Kinase Pathway 

Tyrosine mutants of p c have implicated Tyr577, Tyr612, 
and Tyr695 in the activation of the ras/mitogen-activated 
protein (MAP) kinase pathway [48] (Fig. 2). Tyr577 has 
been shown to interact directly with the PTB domain of the 
adaptor protein, SHC [43, 61 , 62], while tyrosine phosphory- 
lation of Tyr577 and Tyr612 have been shown to be impor- 
tant for the activation of another adaptor protein, grb2 [43]. 
Other studies have shown that p c , SHC, and grb2 form a 
ternary complex [63] which could, in turn, recruit the gua- 
nine nucleotide exchange factor, sos, enabling activation of 
ras and downstream partners of the MAP kinase pathway 
(Fig. 2). Furthermore, the activation of several components 
of the ras/MAP kinase pathway, including SHC, ras, Raf, 
and MAP kinase, can be inhibited by deletion of a domain- 
encompassing amino acid (a.a.) 626-763, indicating that the 
tyrosines within this domain (Tyr695 and Tyr750) may also 
be important in regulating this pathway [48]. 

The PI 3-Kinase Pathway 

PI 3-kinase consists of an 85kDa regulatory subunit 
containing both SH2 and SH3 domains (p85) and a 1 lOkDa 
catalytic subunit (pi 10); it is activated in response to GM- 
CSF and IL-3 stimulation [48, 64, 65]. Phosphorylation of 
phosphoinositols by PI 3-kinase generates a class of second 
messenger molecules such as phosphatidylinositol-3,4-bis- 
phosphate, that in turn regulate the activity of a number of 
kinases and cytoskeletal proteins [66]. There is no apparent 
consensus for the direct binding of PI 3-kinase to the p c ; 
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Figure 3. Schematic illustration of the cytoplasmic domains of j3 c and their proposed roles in GM-CSF, IL-3, and IL-5 signaling. Truncation 
mutants ofP c used by a number of laboratories are numbered above the protein [67, 70]. The numbering system of Sakamaki et al. is used 
where the N-terminal W-residue following signal peptide cleavage is amino acid number I, and the mature f} c is expressed as an 881 amino 
acid protein [67]. Conserved tyrosines (upper-case Y) and nonconserved tyrosines (lower-case Y) are numbered below the protein. 
Conserved domains boxes I 2, and 3 are indicated. Ser585 is within the putative 14-3-3 binding site. The domains found to be important 
for cell proliferation, differentiation, and survival are indicated by the solid boxes. 



however, recruitment of PI 3-kinase to the GM-CSF and IL-3 
receptors may utilize certain adaptor molecules [64] (Fig. 2). 

Which Signaling Pathways Emanating from 
p c Are Important for Cell Proliferation, 
Survival, and Differentiation? 

Proliferation 

Deletion and point mutagenesis of the cytoplasmic 
domain of f5 c have revealed that the pleiotropic activities of 
GM-CSF, IL-3, and IL-5 are mediated by multiple pathways 
that are generated from distinct domains (Fig. 3). For instance, 
the membrane proximal -35 a.a. is both necessary and suffi- 
cient to stimulate a transient mitogenic response in factor- 
dependent Ba/F3 and CTLL2 cell lines, but this domain 
alone is unable to support long-term survival [48, 61, 67]. 
This domain contains a region conserved among type 1 
cytokine receptors termed "box 1" and binds JAK2 [53]. 
Several studies using either box 1 deletions or dominant-neg- 
ative JAK2 indicate that JAK2 activation is both necessary 
and sufficient for inducing proliferation [61 , 68]. Importantly, 
JAK2 activation results in the induction of c-myc expres- 
sion which has been shown to be essential for cell proliferation 
in a variety of biological settings [48, 68, 69]. The presence of 
a second conserved motif, termed "box 2" (Fig. 3), -70 a.a. 
C-terminal to the transmembrane domain enhances the pro- 
liferation signals generated by box 1 but is not absolutely 
required for either JAK2 activation or proliferation [61]. 



The results from a number of studies in which individ- 
ual cytoplasmic tyrosines have been substituted by pheny- 
lalanine would suggest that there is a high level of functional 
redundancy in terms of p c tyrosine phosphorylation. With 
the possible exception of a report in which substitution of 
P C Y750 by phenylalanine resulted in a modest reduction in 
Ba/F3 cell viability in the presence of serum [47], no single 
tyrosine has been found to be crucial for mediating any of 
the known biological activities of GM-CSF, IL-3, or IL-5 
[50]. Recent investigations in our laboratory have shown 
that a mutant p c in which all eight cytoplasmic tyrosine 
residues have been substituted by phenylalanine (P C F8) can 
mediate FDCP-1 cell proliferation in response to GM-CSF 
(Fig. 4). Others have shown that p c F8 can mediate cell pro- 
liferation in Ba/F3 cells, although this proliferation is 
impaired [43, 50]. Despite the importance widely attributed to 
tyrosine phosphorylation of receptors in initiating signaling, 
Pc would appear to utilize a mode of signaling that, at least in 
some cell types, does not require its tyrosine phosphorylation 
(discussed further below). An additional domain has been 
mapped, using truncation mutants, to the C-terminal domain 
of p c ( a - a - 767-881) that negatively regulates proliferative 
responses to GM-CSF in CTLL cells [70] and the activation 
of some signaling molecules such as STAT5 [52]. 

Survival 

Distinct from their ability to stimulate cell proliferation, 
GM-CSF, IL-3, and IL-5 also induce signals important for 
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Figwre 4. Growth response of myeloid cells expressing wild-type and tyrosine 
mutant p 0 Murine FDCP1 cells were stably transfected with human GMRaand 
either human wild-type ft- or mutant p c FALL (all eight cytoplasmic tyrosines 
replaced with phenylalanine). Expression of receptor J3 C submits was compara- 
ble as confirmed by FACS analysis. After washing, cells were cultured in human 
GM-CSF (lor 10 ng/ml) and cell numbers were determined over five days. 



promoting cell survival. In fact, it is known from experi- 
ments performed in cytokine-dependent cells that constitu- 
tive proliferation signals without concomitant survival 
signals result in transient proliferation followed by cell 
death [71]. For example, cytoplasmic truncations of p c that 
preserve box 1 and box 2 allow proliferation but fail to pro- 
mote long-term survival [47, 71]. Thus, in addition to JAK2 
activation, signals originating from membrane-distal 
regions of the cytoplasmic domain are required for mediating 
additional biological activities of GM-CSF. To determine the 
Pc domains important for promoting cell survival, a number 
of groups have transfected a range of C-terminal p c truncation 
mutants into cytokine-dependent Ba/F3 cells [47, 71]. A 
survival domain that spanned two truncation mutants encom- 
passing a.a. 544-763 was identified [47] (Fig. 3). In the 
absence of serum, this entire domain (P c 544-763) was 
required for cell viability (survival domains 1 and 2); how- 
ever, in the presence of serum, a.a. 544-626 was sufficient for 
GM-CSF to promote cell survival (survival domain 1) [47]. 

These results would suggest that: A) there are GM-CSF- 
mediated survival signals that can, at least in part, be substi- 
tuted by the presence of serum (P c 626-763), and B) that 
Ba/F3 cells require a specific GM-CSF-mediated survival sig- 
nal that cannot be substituted by serum that is mediated by a.a. 
544-626 of (3 C (Fig. 3, survival domain 1). Indeed, this domain 
contains a region encompassing a.a. 570 to 626 that we term 
"box 3," which exhibits unusually high sequence identity 
between mouse and human p c (72% identity) when compared 
with the overall identity of the cytoplasmic domain of p c 



(55% identity). The requirement of box 1 and JAK2 activa- 
tion for the survival response mediated by box 3 is unknown. 
Although JAK2 activation is required for all known signaling 
originating from p c and an essential role seems highly likely, 
its importance in survival remains to be tested [61, 68]. 

Identification of a putative survival domain (box 3) raises 
the question: What motifs within this conserved domain are 
responsible for signaling, and how do they signal? Although 
this question addresses one of the most fundamental aspects 
of GM-CSF biology, the answer has remained elusive. What 
is apparent, however, is that the survival signals involved are 
likely to utilize novel pathways and signaling mechanisms. 
When the possible role of tyrosine phosphorylation in medi- 
ating survival signals was examined, some interesting and 
somewhat surprising results were obtained. Substitution of 
each of two tyrosines in the box 3 p c survival domain to 
phenylalanine (p c Y577F and p c Y612F) had no effect on sur- 
vival of Ba/F3 cells, although SHC and grb2 activation was 
reduced for the p c Y577F mutant [72], Substitution of a tyro- 
sine outside box 3 (p c Y750F) resulted in a modest decrease in 
GM-CSF-mediated survival in the presence of serum [47]. 

The dispensability of p c tyrosine phosphorylation for cell 
survival is also illustrated by a p c mutant in which all eight 
cytoplasmic tyrosines are mutated to phenylalanine (P C FALL), 
which is able to support survival in Ba/F3 cells in response to 
GM-CSF [43, 50]. Clearly, the results obtained with the 
PcY577F, p c Y612F, and p c FALL mutants would suggest 
that p c activation invokes novel signals that are important for 
inducing cell survival that cannot be solely accounted for by 
receptor tyrosine phosphorylation. 

While the presumptive motifs within box 3 of p c and the 
mechanism by which it promotes cell survival are unclear, 
the recent discovery of a novel PI 3-kinase pathway has pro- 
vided new insights as to how cytokines such as IL-3 promote 
survival by the prevention of apoptosis. Although PI 3-kinase 
activity has been well characterized as activating a survival 
program in response to certain cytokines and growth factors, 
it was only recently that the downstream signaling partners 
were identified [66], IL-3 stimulation of Ba/F3 cells results 
in the activation of PI 3-kinase and the production of phos- 
phatidylinositols [48, 64]. The binding of phosphatidyl inosi- 
tols to protein kinase B (PKB or Akt) results in activation of 
its kinase activity [73, 74]. PKB in turn phosphorylates the 
pro-apoptotic bcl-2 homolog, BAD at Serl36 and Serll2, 
both of which lie within a suitable context for binding to the 
14-3-3 family of adaptor proteins [75, 76]. 

The binding of 14-3-3 to BAD is thought to sequester the 
complex to the cytoplasm, thus preventing BAD from exerting 
its proapoptotic activity (presumably by preventing Bcl-X L 
binding on mitochondria) and allowing IL-3-mediated sur- 
vival [77], However, in the absence of IL-3 stimulation, the PI 
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3-kinase/PKB pathway is not activated, and Serl36 of BAD 
remains unphosphorylated. It is then proposed that nonphos- 
phorylated BAD is no longer sequestered in the cytoplasm by 
14-3-3 and translocates to the mitochondria where, in a com- 
plex with Bcl-X L , the events leading to apoptosis are triggered 
[77]. PI 3-kinase is thought to be recruited to phosphotyrosine 
residues on activated receptors via its SH2 domain [78]. An 
interesting question that arises from these studies into Re- 
mediated survival is: How is PI 3-kinase activated by IL-3? 
Although p c does not have a tyrosine motif for the recruit- 
ment of PI 3-kinase, alternative motifs may exist. Of rele- 
vance to this, we have recently obtained evidence that Ser585 
in p c mediates the association of p c to 14-3-3 upon phospho- 
rylation (unpublished observations). This is potentially an 
important novel finding because: A) serine phosphorylation 
of p c offers an alternative to tyrosine phosphorylation for 
coupling to specific signaling molecules; B) it has the poten- 
tial to link p c via 14-3-3 to signaling molecules that contain 
a 14-3-3 binding motif, and C) the location of Ser585 is pre- 
cisely in the p c region shown to be involved in cell survival 
and differentiation (box 3, Fig. 3). Biological experiments 
are currently under way, with p c S585A mutants to define the 
functional role of this interaction and the regulation of Ser585 
phosphorylation by GM-CSF and IL-3. 

Differentiation 

The ability of GM-CSF to stimulate differentiation of an 
Ml murine leukemic cell line expressing a series of deletion p c 
mutants has also been examined [70]. Ml cells expressing 
human GM-CSF receptors differentiate in response to GM- 
CSF and exhibit many of the morphological and biochemical 
hallmarks of macrophages. These studies defined a domain 
encompassing a.a. 525-610 (Fig. 3) that is essential for 
mediating the ability of GM-CSF to stimulate Ml cell dif- 
ferentiation [70]. It is clear from Figure 3 that the domains 
responsible for survival and differentiation substantially 
overlap and also encompass the highly conserved box 3 
domain. Thus, one prediction from these findings would be 
that box 3 contains signaling motifs that are important for 
mediating survival and differentiation, with the conserved 
Ser585 as a possible candidate. 

Together, the results obtained from studies examining 
proliferation, survival, and differentiation prompt the 
question: What is the function of p c tyrosine phosphory- 
lation in GM-CSF/IL-3/IL-5 receptor activation? One 
possibility is that within an in vivo context, tyrosine phos- 
phorylation of p c is important for amplifying, or in some 
way regulating, GM-CSF/IL-3/IL-5 signals and that such 
amplification or regulation is difficult to measure in cul- 
tured cell lines. Regardless, a number of laboratories have 
now observed a phosphotyrosine-independent mode of 



signaling for p c that allows for proliferation, survival, and 
differentiation in certain myeloid cells. 

Other cytokine receptors have been observed to promote 
proliferation and differentiation in the absence of tyrosine 
phosphorylation. Activation of the EPO receptor is essential 
for the proliferation, survival, and differentiation of ery- 
throid progenitors. Mutant EPO receptors in which all eight 
cytoplasmic tyrosines were substituted by phenylalanine 
afforded reduced mitogenesis and P-globin mRNA accumu- 
lation compared with wild-type controls [79]. Nevertheless 
they were able to sustain the growth and survival of the Ba/F3 
cells in an EPO-dependent manner. 

Biological Roles of GM-CSF/IL-3/IL-5 

Numerous in vitro studies documenting the colony-stimu- 
lating activity of GM-CSF, IL-3, and IL-5 point toward a role 
in the production of granulocytes, macrophages, and 
eosinophils [2]. In addition, GM-CSF, IL-3, and IL-5 are pro- 
duced by activated T cells and activate the effector function of 
myeloid cells, implicating these cytokines in the activation of 
inflammatory and immune responses [1, 2]. It was thus sur- 
prising that the most striking phenotype observed following 
ablation of GM-CSF, IL-3, and IL-5 function by a gene knock- 
out approach was a lung defect [80, 81]. Double-knockout 
mice obtained by crossing murine p c -/- mice (which prevents 
GM-CSF and IL-5-mediated responses but allows IL-3 func- 
tion via the p iL . 3 subunit found in mice) with IL-3 -/- mice 
(which prevents IL-3-meditated responses) were viable and 
fertile [80]. The p c /IL-3 double-knockout mice exhibited 
apparently normal steady-state hemopoiesis with the exception 
of reduced numbers of eosinophils. However, these mice 
exhibited a lung defect very similar to a condition observed in 
humans, termed "pulmonary alveolar proteinosis" (PAP). 
GM-CSF -/- mice also exhibit PAP, suggesting that lack of 
GM-CSF signals is responsible for the PAP phenotype in the 
double-knockout mice [81, 82]. 

Consistent with the phenotype observed in mice, humans 
with low levels of p c expression on peripheral blood cells 
exhibited PAP with no other apparent hemopoietic disorder 
[83]. This pathology is characterized by an excessive accumu- 
lation of surfactant lipids and proteins in the alveolar spaces. In 
mice, this accumulation appears to result from a defect in 
clearance rather than one of overproduction [84]. While num- 
bers of macrophages in GM-CSF -/- lungs appear normal, they 
are filled with abnormally large amounts of surfactant proteins 
and lipids [81, 82]. These observations would imply that GM- 
CSF is important for macrophage function in the lung. The 
lungs from GM-CSF -/- mice also have increased bacterial and 
fungal infections with occasional inflammation [82]. Local 
production of GM-CSF in the lungs of GM-CSF-/- mice using 
a transgene under the control of a surfactant promoter restores 
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normal lung function, implying that GM-CSF is likely to func- 
tion as a classical autocrine/paracrine factor within the lung, a 
role not previously suspected from in vitro studies [84]. The 
lungs represent a unique dilemma in biology; How can an 
organ that allows gas exchange and is in intimate contact with 
the environment also prevent invasion of a wide range of 
airborne bacteria, fungus, and other pathogens? While the 
molecular basis of PAP is unclear, one possibility is that 
GM-CSF is important for the ability of macrophages in the 
mammalian lung to phagocytose and degrade surfactant 
proteins, lipids, and other pathogens in lung alveoli. 

Consistent with the proposed role of GM-CSF in 
inflammation, Listeria monocytogenes infection of GM- 
CSF -/- mice resulted in 50-fold more organisms in the 
spleen and liver than in wild-type mice [85]. In general, 
these mice demonstrated reduced long-term survival com- 
pared with wild-type controls, with a higher incidence of 
lung and soft-tissue infections, indicating that GM-CSF 
expression provides a selective advantage for the survival 
of the organism [86]. 

Future Directions/Conclusions 

Structure-function studies of GM-CSF, IL-3, IL-5, and 
their receptors as well as an understanding of the dynamics of 
receptor dimerization have led to the development of specific 
receptor antagonists which can block all known receptor func- 
tions [23]. By understanding the molecular organization of the 
cytoplasmic domain of these receptors and by defining dis- 
crete regions that regulate either proliferation, survival, dif- 
ferentiation or effector cell function, we envisage that further 



therapeutic approaches will aim to selectively activate and/or 
inhibit each function. Therapeutic approaches designed to 
inhibit cell proliferation while promoting cell differentiation 
would have clear appeal in pathological conditions such as 
myeloid leukemia. 

The in vitro activity of GM-CSF and IL-3 led to the 
expectation that these cytokines would be central factors for 
the production of granulocytes and macrophages in vivo. 
Recent studies using a gene knockout approach suggest that 
GM-CSF and IL-3 are dispensable for the steady-state pro- 
duction of these cells in vivo. Although much has been 
learned using a variety of in vitro systems, the findings in 
knockout mice highlight the importance of considering func- 
tion within an in vivo context. Future in vivo approaches for 
examining some of the unique features of the GM-CSF, IL-3, 
and IL-5 receptors may rely on the introduction of discrete 
receptor mutants (knock-ins) on a null receptor background 
in mice. 

The molecular mechanism by which GM-CSF, IL-3, or 
IL-5 stimulates survival/differentiation remains to be deter- 
mined, but the possibility that these signals arise from box 3 
independently of both proliferation and p c tyrosine phospho- 
rylation may allow intervention of these pathways with more 
specific alternatives than phosphotyrosine-based approaches. 
The ability to increase survival and consequently enhance an 
inflammatory or immune response to GM-CSF, IL-3, and 
IL-5 or to decrease GM-CSF autocrine loops associated with 
leukemia would both be of clinical benefit. Pivotal to such an 
approach will be the identification of the nature of the survival 
and differentiative signals. 
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